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An Investigation of the Chromatographic and Electrophoretic Separations for 
Industrial and Clinical Applications 
Chromatographic techniques, such as high performance liquid chromatography 
(HPLC) and ion chromatography (IC), have traditionally been employed in the analysis 
of a variety of analytes, such as inorganic anions, organic acids and pharmaceuticals. 
Capillary electrophoresis (CE) methods have recently been developed for their 
determination and can be ideal methods due to low sample and material consumption, 
reduced analysis times and increased separation efficiencies. 
A HPLC method was developed and successfully applied to the analysis of the 
photoinitiator, bis(2,4,6-trimethylbenzoyl)phenyl-phosphine oxide. A comparison of its 
stability in samples, which were both kept in the dark and exposed to the light, was 
performed using the optimised HPLC-UV method. From this it was determined that 
complete degradation of the Irgacure had occurred by 60 min. for the samples exposed 
to the light. The curing mechanism of the Irgacure was determined using HPLC-MS, 
and it was determined that the Irgacure undergoes a free radical cunhg reaction. 
There are a wide range of inorganic and acidic anions that may be present at 
different stages of the cyanoacrylate adhesive production process. A highly efficient CE 
separation was developed and applied to the simultaneous determination of inorganic 
and acidic anions, which are present in ethyl cyanoacrylate adhesive samples. The CE 
method developed was compared with IC, the method traditionally employed for their 
analysis. CE offers advantages over the IC method, namely reduced sample volumes 
and waste and also more rapid separation. From this investigation, CE was 
demonstrated to bc an effective method for their quantification, as it enabled the 
sensitive monitoring of the cyanoacrylate production process. 
A CE method was developed for the simultaneous analysis of the anthracyclines, 
daunombicin, doxorubicin and epirubicin. Ultra-violet (UV), electrochemical (EC) and 
laser-induced fluorescence (LIF) detection coupled to CE were investigated. Improved 
detection limits (150-1400 ng ml-') were obtained with LIF detection, which were 
capable of monitoring the therapeutic levels (5-50,000 ng ml-') of anthracyclines. For 
the real time monitoring of anthracyclines in plasma, it was preferred that minimal 
sample pre-treatment was carried out. The feasibility of analysing plasma samples 
without sample pre-treatment was demonstrated. The degree of plasma protein binding 
of anthracyclines was determined using microdialysis, and the potential of this 
technique for the real time monitoring of plasma samples with on-line microdialysis 
coupled with CE was demonstrated. Microdialysis is suitable for coupling to CE as it 
generates sample volumes that are ideal for CE. 
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1.1 INTRODUCTION 
Traditional chromatographic techniques, such as High Performance Liquid 
Chromatography (HPLC) and Ion Chromatography (IC), have been applied to the 
analysis of numerous analytes, such as inorganic anions,['-51 organic and 
pharma~euticals.[~'~~~ Capillary Electrophoresis (CE) methods have recently been 
developed as an alternative for the analysis of small charged species (inorganic 
anions)ll~-~41 and also in the analysis of pharmaceuticals.['5~181 Capillary Zone 
Electrophoresis (CZE), which is CE in its free zone form, is an ideal method for the 
analysis of anions due to its low sample consumption and compared to 
chromatography methods, its reduced analysis times and highly efficient separations 
makes it an attractive option for the determination of anions.[131 
As - an introduction, a comparison between chromatographic and 
electrophoretic separation techniques for the determination of analytes in complex 
matrices, such as plasma and serum,['91 will be made. CE will be introduced as a 
powerful and potential alternative for their analyses. The different modes of 
separation available in HPLC and CE will also be discussed. 
There are various modes of detection, which may be coupled to either HPLC 
or CE, e g ultra-violet (UV), fluorescence and electrochemical detection (EC). These 
modes of detection will be discussed and their application to the analysis of samples 
in complex matrices will be examined. Throughout this study, the advantages of CE 
over the traditional chromatographic techniques will be outlined. 
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1.2 LIQUID CHROMATOGRAPHY 
Chromatography is a separation technique, which is based upon the 
distribution of analytes between two phases, a stationary and a mobile phase.P01 The 
stationary phase is either a solid or liquid, which is coated onto a solid surface. The 
mobile phase is either a liquid or a gas, and is known as the eluent. Analyte molecules 
are continually distributed between both phases. Whilst in the mobile phase, the 
analytes are carried forward with it and separation occurs due to differences in affinity 
for the stationary and mobile phases. Those with the greatest affinity for the stationary 
phase remain on the column the longest. 
1.2.1 Theory of liquid chromatography 
In HPLC, the mechanism of retention is based upon the development of an 
equilibrium between the stationary and mobile phase. The volume of mobile phase 
needed to elute an analyte from the column is the retention volume, VR, which is 
described by Eqn 1.1 : 
where: t~ - analyte retention time (min) 
F . - flow rate (mllmin) 
A representation of a typical chromatogram is illustrated in Fig. 1.1. The dead 
volume, Vo, and its corresponding retention time, to, is defined as the volume of eluent 
required to elute unretained components (the void). 
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0 2 4 6 8 10 
Elution time (min) 
Figure 1.1 Representation of a typical HPLC c h r ~ m a f o ~ r a m ~ ~ ' ~  
The retention factor, k, is an essential factor in the retention mechanism of 
analytes. It is defined as a measure of the affinity that an analyte has for the stationary 
phase and is shown by Eqn. 1.2: 
Eqn. 1 2 
The optimal value for k lies in the range 2 and 5. If the value is below 2, this 
indicates that the analyte has been eluted too quickly, so that it is too close to the void 
and if the value is greater than 5, this illustrates that the analyte has been eluted too 
slowly, so that the run time is excessively long. The k value may be altered by 
modifying the eluent composition or pore size of the column.[211 
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1.2.1.1 Separation effiency 
The efficiency of a chromatographic separation is commonly described by the 
term, theoretical plates (N). It may also be expressed as the height equivalent to a 
theoretical plate (HETP). N is determined by Eqn. 1.3: 
where: 0 - band variance (min) 
Eqn. 1.3 
L - column length (m) 
H = plate height (HETP) 
The efficiency may also be calculated experimentally using Eqn.'s 1.4 and 1.5: 
where W is the baseline peak width of the analyte 
Eqn. 1.4 
Eqn. 1.5 
where WID is the peak width at half height 
The concept of theoretical plates was first introduced by Martin and ~ ~ n ~ e ; ~ ~ ~ ~  
however, a more realistic rate theory was developed by van ~eemter.['~] This theory 
takes into account the diffusion effects of mass transfer and migration through a 
packed bed, with the resulting peak shape being affected by the rate of elution. [211 The 
van Deemter theory of HETP is described by Eqn. 1.6, where the factors A, B and C 
all contribute to peak broadening. 
HETP = A+B/u+Cu Eqn. 1.6 
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where: u = average velocity of the mobile phase 
A - eddy diffusion term 
B - longitudinal diffusion term 
C - kinetics of mass transfer term 
Eddy diffusion is caused by the movement of molecules from the same 
analyte, which migrate through the stationary phase at random. This will result in 
broadening of the analyte band. Longitudinal diffusion is related to the length of time 
an analyte will spend in the mobile phase. Whilst, the third parameter, C, is dependant 
upon the amount of time an analyte needs in order to equilibrate between the 
stationary and mobile phase. A plot of plate height (H) against the mobile phase 
velocity, known as a van Deemter plot, is commonly employed to determine the 
optimum flow rate for the mobile phase. A typical plot is illustrated in Fig. 1.2. 
Optimum veloclty 
height 
Mob~le phase velocity 
Figure 1.2 Representation of a typical van ~eemter  plo&z41 
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1.2.1.2 Separation factor and Resolution 
The separation factor (a) of a chromatographic separation is a measure of the 
band proximity of two adjacent analyte bands, which have k values of kl and kz. This 
is determined by Eqn. 1.7: 
Eqn. 1 7 
This factor is identified with the selectivity of a chromatographic system, i.e., 
the ability of the system to provide different retention times for two specific analytes. 
It may be determined experimentally using Eqn. 1.8: 
where: - 
f% 
 retention time of the second analyte 
R, 
= retention time of the first analyte 
Eqn. 1.8 
The resolution, R, of a separation is another measure of the ability of a 
chromatographic system to separate two analytes. It is calculated using Eqn. 1.9: 
where W is the baseline peak width of components 
It is also determined by Eqn. 1.10 
Eqn. 1.9 
Eqn. 1.10 
Chapter I A comparison between .. . .. 
For quantitative analysis, baseline resolution is achieved when ~ = 1  .5.[241 From 
Eqn. 1 .lo, it is evident that R is dependant upon a, N and k. The optimum parameter 
with which to control resolution is a; however, this is primarily achieved by changing 
the stationary phase. Resolution is also proportional to both the square root of N and 
to k. It may be improved by increasing these parameters; however, these can lead to 
long analysis times and increased band broadening. 
A comparison of the flow profiles generated in HPLC and CE is discussed in 
Section 1.2.1.3. 
1.2.1.3 Flow Profiles in HPLC and CE 
In CE, the plug-like flow profile generated within the capillary gives rise to a 
uniform flow throughout, electroosmotic flow (EOF), which produces a laminar flow 
profile. This is in contrast to the hydrodynamic flow that is produced from an external 
pump in HPLC (Fig. 1.3), which produces a parabolic flow profile. The theory of CE 
is discussed in detail in Section 1.4. 
Hydrodynamic flow results in peak broadening and as a consequence the 
efficiency and resolution of the separation will be reduced, whilst the flow profile in 
CE reduces the velocity across the capillary, thereby decreasing the band-broadening 
due to slow mass transfer across the capillary.[251 
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Parabolic flow 
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1.3 MODES OF SEPARATION IN HPLC 
In normal-phase high-performance liquid chromatography (NP-HPLC), 
separation occurs through the interaction of analytes with a polar stationary phase (a 
cyano or amino bonded stationary phase) and a less polar mobile phase, such as 
hexane and heptane. Analytes are retained on the column based upon their polarity; 
the more polar the analytc, the more it will be retained on the column. 
NP chromatography with fluorescence detection has been employed for the 
determination of some pharmaceuticals in plasma[261 and in blood, with limits of 
quantification (LOQ) in the range 2-20 ng ml-' obtained.[271 NP-IIPLC has recently 
been applied to the chiral determination of zolmitriptan and any potential impurities in 
pharmaceutical formulations.[281 However, the applications of this mode of 
chromatography have become limited and reverse-phase chromatography is a more 
commonly used separation mechanism and is discussed in Section 1.3.2. 
Separation in reverse-phase HPLC (W-IIPLC) is based upon the distribution 
of analytes between a non-polar stationary phase and a polar mobile phase, such as 
methanol-water or acetonitrile-water organic aqueous mixtures. Typical stationary 
phases employed are hydrophobic bonded packings with octadecyl (C-18), octyl (C-8) 
or phenyl functional groups.[291 
In RP-HPLC, as the hydrophobic nature of the analytes increases, their 
retention on the column also increases. This retention may be reduced by the addition 
of an organic solvent to the mobile phase, which helps in reducing the polarity of the 
mobile phase. The less polar the organic solvent, such as tetrahydrofuran (THF), the 
less time the analyte is retained on the column.[291 
The application of RP-HPLC in the determination of pharmaceuticals in 
biological fluids has been widely reported in the literature, such as and 
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plasma. [32.331 The use of reverse-phase columns has also been employed for the 
determination of inorganic anions in a process known as ion-pair chromatography.[51 
An alternative method for the analysis of ions is ion-exchange chromatography (IEC) 
and is routinely employed for their 
In IEC, the packing material possesses charge-bearing functional groups, 
which are capable of exchanging with ionic analytes in the mobile phase. The 
functional groups employed are permanently bonded ionic groups associated with 
counterions of the opposite charge, where retention occurs due to the exchange of 
analyte ions with ions of the opposite charge in the mobile phase.[291 
There are two modes of IEC; anion-exchange chromatography in which the 
packing material is a strongly basic quaternary ammonium group, and cation- 
exchange chromatography where the packing material is a strongly acidic sulphonic 
acid group. Examples of a cation-exchange resin (I) and an anion-exchange resin (11) 
are illustrated in Fig. 1.4. Both of these functional groups are totally dissociated, i.e , 
their exchange properties are independent of pH. There are also exchangers that 
possess weakly acidic and basic functional groups, such as carboxylate and tertiary 
m i n e  groups. In this instance, the retention mechanism of analyte ions is dependent 
upon the pII of the mobile phase.[291 
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The applications of IEC range from the analysis of amino acids on a cation 
exchanger to the simultaneous separation of inorganic anions and cations using anion 
and cation-exchange columns connected in tandem.['s291 An alternative application of 
IEC is IC, which combines an ion-exchange separation with suppression of the mobile 
phase and in most cases detection is performed conductimetrically. IC has become the 
method of choice for the analysis of anions, and has been employed for the 
simultaneous separation of inorganic anions.[361 The trace analysis of anions in 
drinking water has also been reported by IC. [37-391 
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1.4 CAPILLARY ELECTROPHORESIS 
CE has also emerged as a powerful separation technique for the analysis of 
small charged species, such as anions and  cation^,^'^"^'^^"' and also in the 
determination of pharmaceuticals in complex mat rice^.['*^^^,^^] This method of 
separation is discussed in greater detail in Section 1.4. 
The term electrophoresis is used to describe the separation of charged species 
under the influence of an electric field. When an electric field is applied the charged 
species migrate into discrete zones that are separated. Performing electrophoresis in 
narrow-bore capillaries has been developed during the last twenty-five years.["a451 
This technique is an alternative to the traditional slab electrophoresis, which generally 
suffers from long analysis times, low efficiencies and difficulties in detection and 
automation.[461 Typical CE instrumentation is illustrated in Fig. 1.5. 
The small internal diameter of the capillary (10 to 100 pm) leads to efficient 
heat dissipation, which allows for increased voltages to be applied. Typical applied 
voltages range from 5 kV to 30 kV. As a result of the increased voltages, high- 
resolution separations are achieved in shorter analysis timesr4'] 
I I Capillary 
Figure 1.5 Schematic showing capillary electrophoresis instrumenfation, in reverse polariw. 
I 
A capillary electrophoresis system consists of fused-silica capillary with an optical viewing 
I 
I window for detection, a high voltage power supply, two buffer reservoirs and a detect04'~~ 
I 
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1.4.1 Theory of Capillary Electrophoresis 
Separation in electrophoresis is based upon differences in solute velocity 
under the influence of an electric field, E. This solute velocity (v,) is described by 
Eqn. 1.11: 
OeP = Eqn. 1.11 
The electrophoretic mobility @,) depends upon the charge of the ionic 
species, the concentration of the electrolytes and the temperature. This is determined 
by Eqn. 1.12: 
where: - Pep electrophoretic mobility 
4 - charge on the ion 
7 = buffer viscosity 
r - ion radius 
Eqn. 1.12 
1.4.1.1 EIectroosmotic Flow (EOF) 
A hndamental factor in CE is electroosmosis. This originates in the presence 
of an electric field when an ionic solution is in contact with a charged solid surface 
and gives rise to EOF.[~'] The inner surface of the fused silica capillary contains 
silanol groups. Upon ionisation of these silanol groups, a negatively charged surface 
is created. This surface affects the distribution of nearby ions in solution, forming a 
double layer of ions on the capillary surface.r481 
The counter ions in the double layer are arranged into two zones, a diffuse and 
fixed zone, with a surface of shear just beyond the interface. When a voltage is 
applied across the capillary, the solvated cations in the diffuse layer migrate towards 
the 
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As a result of this movement, the solvent molecules are pulled along with 
them, as represented in Fig. 1.6. 
Fixed zone 
(Stern layer) 
Figure 1.6 Representation of the ionic layer in a fused silica capillary, in normal polarity 
with the detector at the cathodhzrl1 
All species, regardless of charge, will move in the same net direction due to 
the EOF. In normal polarity, cations will migrate the fastest because the 
electrophoretic attraction is towards the cathode and the EOF is in the same direction. 
Anions migrate against the EOF and are detected last.[491 With reverse polarity, the 
direction of the EOF is opposite to the detector and only anions with an 
electrophoretic mobility greater than the EOF will be detected. Under these 
conditions, the capillaries are generally coated with EOF modifiers, which reverse the 
net charge of the inner wall and therefore the EOF will be reduced.[501 
The mobility of the EOF, (,uEo,P), is calculated by Eqn 1.13: 
Eqn. 1.13 
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where: PEOF = mobility of the EOF 
& - dielectric constant 
r - zeta potential 
r1 - solution viscosity 
- 
rc radius of capillary 
The velocity of the EOF, (VEO~) ,  is described by Eqn. 1.14: 
v m  = PEW E Eqn. 1.14 
The migration time of analytes, (t), is dependent upon the mobility of the 
solute and the EOF. This is used to determine the apparent solute mobility, (b), using 
Eqn. 1.15: 
where A =  Pep + PEOF 
t - migration time (min) 
E - electric field 
1 - effective capillary length 
L - total capillary length 
v - applied voltage 
Eqn. 1.15 
The EOF decreases as the concentration of the background electrolyte (BGE) 
increases. In general, high buffer concentrations reduce the overall adsorption of 
analytes to the capillary wall.'481 This reduction may be caused by a number of factors 
including the charge of ion, (q), buffer viscosity, ( v )  and the zeta potential, 
EOF is dependent upon the pH of the electrolyte. At high plI, the EOF is 
considerably larger than at low pH. This is due to the deprotonation of the silanol 
groups on the capillary wall. At low pH the EOF is reduced because protons convert 
the charged SiO- surface to SiOH, causing a decrease in r. If the EOF is too fast the 
analytes will migrate too quickly through the capillary and will be poorly separated by 
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the time they reach the detector. It is therefore, important that the EOF is sufficient to 
allow for adequate separation of the charged species in a short time.[511 
Electroosmosis and electrophoresis are closely related phenomena, which 
often occur together in CE. The presence of electroosmosis in the capillaries reduces 
the analysis times and allows for the operation of the device in a continuous mode.[s21 
1.4.1.2 Dispersion 
Electrophoresis is the separation of charged species into discrete zones under the 
influence of an electric field. Dispersion results from differences in solute velocity 
within that zone. Peak dispersion, 02, is determined by Eqn. 1.16: 
o2 = 2D,t Eqn. 1.16 
where Dm is the diffusion coefficient of the solute (cm2s-I). 
Dispersion in CE can be caused by a number of factors including Joule heating, 
injection plug length or sample adsorption to the capillary wall. These parameters may 
be controlled, e.g  applying a lower separation voltage or employing a capillary with a 
small internal diameter reduces the effects of Joule heating. This will limit the amount 
of heat produced and aid in the dissipation of the heat formed. 
1.4.1.3 Effiency and Resolution 
Due to the flow profile produced in CE, high separation efficiencies are 
obtained. The separation efficiency, can be expressed in terms of theoretical plates, N, 
and is determined by Eqn. 1.17: 
where: Pep = electrophoretic mobility 
Eqn. 1.17 
Chapter I A comparison between ... ... .. 
Dm - diffusion coefficient of the solute 
v - voltage applied 
L = total capillary length 
The efficiency of a separation is dependent upon the high voltage applied. As 
the voltage is increased, the separation efficiency will also increase (Eqn. 1.18). 
Efficiency can also be calculated experimentally using Eqn. 1.19, just as with HPLC: 
where: E - electric field 
I - effective capillary length 
Eqn. 1.19 
where W,,2 is the peak width at half height. 
In CE, R of two components is dependent on the solute mobilities of the 
components. It can be affected significantly by peak sizes and shapes.[251 Again as 
with HPLC, it is determined experimentally using Eqn. 1.9. 
It is also determined by Eqn. 1.20 
Eqn. 1.20 
From Eqn. 1.20, it is evident that the resolution of two peaks decreases with 
the magnitude of the EOF provided the EOF has the same direction as the 
electrophoretic migration.[531 
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Resolution is dependent on capillary length at constant field strength and can 
be improved by increasing the length of the capillary and by applying reduced 
voltages. However, extreme magnitudes of both these variables can lead to long 
analysis times and Joule heating.[251 
The mode of CE described above is commonly known as CZE and the 
quantification of charged analytes has regularly been performed using this method of 
separation.1543551 Alternative modes for their analysis are discussed in Section 1.5. 
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1.5 ALTERNATIVE MODES OF SEPARATION IN CE 
1.5.1 Miccllar Electrokinetic Chromatography (MEKC) 
MEKC is a mode of electrokinetic chromatography, in which ionic surfactants 
are added to the BGE. It was frst developed as a separation technique for CE by S. 
Terabe et a1.[56,571 The most commonly used anionic surfactant is sodium dodecyl 
sulphate (SDS), whose structure is composed of a hydrophobic tail and a negatively 
charged, hydrophilic head, as shown in Fig. 1.7. Above their critical micelle 
concentration (CMC), the surfactants wit1 form micelles. These have hydrophobic, 
non-polar moieties at their interior and charged polar groups at the surface. 
0- - 0- ~ a +  I 0
Hydrophobic tail Hydrophilic head 
Figure 1.7 Structure of sodium dodecyl sulphatersgl 
Separation is obtained due to differences in electrophoretic mobilities and 
partitioning. The degree to which the separation is based upon partitioning is 
dependent upon the type of surfactant added.[581 MEKC has applications in the 
analysis of illicit drug substances[591 and also in the determination of 
pharmaceuticals.[601 In order to improve the poor concentration sensitivity of ultra- 
violet (W) detection with MEKC, on-line preconcentration techniques have been 
employed. These include sample stacking and MEKC separations are 
also possible in the absence of EOF. This is particularly useful for acidic species 
which would be ionised at high pH and therefore will not interact with a negatively 
charged SDS r n i ~ e l l e . ~ ~ ~ ]  Cyclodextrins (CD), such as P or y-cyclodextrins,-have been 
incorporated in the buffer solution and have been successfully applied for the analysis 
of enantiomers, particularly neutral CDs with achiral surf act ant^.[^^'^^^ 
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Although it was originally developed for the analysis of neutral substances, 
MEKC also allows for the separation of anionic species.[672681 The selectivity of the 
separation is controlled by the type of surfactant added. Generally the structure of the 
polar group of the surfactant will affect selectivity more than the hydrophobic core of 
the micelle, as most analytes interact with the micelle at the surface. Also, selectivity 
is influenced by the combination of ionic and non-ionic micelles or ionic and 
zwitterionic micelles. MEKC has been shown to be effective for the separation of 
small molecules, which traditionally had been impossible by gel electrophoresis.[651 
1.5.2 Capillary Electrochromatography (CEC) 
Capillary electrochromatography is a hybrid of the techniques of CE and 
HPLC. This process combines the high peak efficiency of electrically driven 
separation techniques with the high selectivity of chromatographic techniques.[691 The 
electrically driven flow transports the analytes through the capillary, which is packed 
with a stationary phase material. For neutral analytes, separation is achieved by 
differential partition between the stationary and mobile phase, and are transported 
through the capillary by the EOF. The separation of charged analytes is achieved by 
the combined effects of partitioning and e l e c t r ~ ~ h o r e s i s . ~ ~ ~ ~  
The capillaries are generally packed with a traditional HPLC reverse phase 
packing material, e.g. octadecyl silane (ODs). Separations are conducted at a high pH 
(pH > 7)1701 to ensure a fast EOF, which reduces analysis times. Alternatively a low 
pH may be employed, although, this will increase the total analysis time.1641 
Many of the applications of CEC are in the analysis of pharmaceuticals. [70-721 
The separation of anions is achieved mainly by ion-exchange CEC (IE-CEC). In this 
mode, silica based ion-exchangers rather than silica based reversed phase sorbents are 
packed into the capillary. The first report for the separation of anions was by Li et 
rr1.[731 Subsequently, CEC methods have been developed for the analysis of anions 
with a variety of stationary phases, such as a polymer ion -e~chan~er s [~~]  and 
quaternary ammonium anion-exchange latex particles.[75'761 The separation of acidic 
analytes is possible if a sulphonic acid-containing phase is employed.[641 
- .  
. . 2 ~: 2% I .> $ , , L k  , ,r' ,i:- : :  , 2 . .  ' F1 .. + , ,w ;, if;, ,., . , " .- . ,, ,;, < "' ,#. ', I. -,;, . "  '+ .. . .." " 
.'A 
.~ ' ; .c ' ,$"':;  .,.-,A .- .2 J: ~d .."L a - -  'r , . *; T .  . . 
.. , . - 
, 
. = - .:1.5.-3 ,& ,Capi!law ~Isotachophoresis!~(~I;r:~~)) , ;, ,~ , +< . <.. ',Aay .,;- ,an ,. ,' , ,  v " .  i 7, .7* d*& ,, ,-7, A T ' - ,  - , , - " 7 p  ~ ..-- - - r b  r - --f-' + I j- , . . * \  *. ,,t' .,,A. u 
- , . , 
. . 
.- . / &  _ b .  " -: . Z s .  , ,;. "t, .< .a. ).,' ,, , -1. : b " 
a.i &. , ;."/,: :: ' , , 2 ,  %"71 ;:!, 2 ~ f 6  .; -:,;, , ,,: b , * , , '  , ;> " ~ .  * $  
, .> - 3 . .  ,- ~ ~ 
, @  .'. 
. - " 
. . 
a ;* -'I , )ir. .. . , , t a c h o i I , ~ i s  - . 9i b a s  - - h i  e t  -- c g e d  e l ' e  -.-~ . - , . . ,; a i. 
$ .: 
. , . , , : . e c e l ' , , w c ~ d e d p t  - - t i  - -' " ? '  . '*. 
. , ~ " 3 ,  
jyl ,, I " ~ ~ M d f l ~ ! ~ ~ , $ $ t r ~ d ~ ~ ~ d l  :iiif61 '&g &jji&@g-ib&&G~ ,t@j & ~ o ~ $ g ~  !$cirut?@>i,@ l'&cj& '7% *" iti' , $ 8. - q; ,, o:-~?",- 
. . -  %% . : ~  3- 
, . ~~ 
' 7  ---- 
- .  . . - . . ~ ., . 
> . ,  
.~ . ' & ~  . - 2, - -, ;, ' >*  ",, , b ~ e ~ e ~ ~ ~ ~ ~ ~ ~ l ~ , ~ ~ ~ ) l ~ @ ~ , ~ 3 ~ , t ~ ~ ~ ~ ~ i ~ g ~ ~ ~ ~ ~ ~ $ ~ ~ ~ e ~ ~ ~ ~ ~ ~ ~ ~ e & ~ ; l m ~ ~ ~ ~ y ~ ~ i f ~ s t ~ ~ c ~ ~ ~ ~ ~ ~  _ _-,. _ ,  -_ , . . T . .  , . . . -;&,"$I;>:-, ':, I*,:-' . 
. . - ~ * A 
e ;$ -:--.~~ - %  ,:.- ~~ T- .2<~- L.~ 2: --, .,."'A bz. , h, ,-.>~ ~~ . ' , 1 ~. - *-. A :c! f ;.,"I , , I#,  < ,  . .,* , 2 .  k.3 ...- .~ . ~mo~i~g~ele~trol~e_s~_respec_t~Yely~~e~~hig~voltage~~~:~a~likd:the:~~~jrteao~s . . - .i - :. y11' z r '  . :- - , % d, , 
,<a . . ." , ,  > , . ' j"C :I. .k .~!.f'" _.%. . .  .$* . , . , , ' .tL'. ::", . . :"'3: : ~ '.;?.mg@~th6ug?$7ti;e' - - - .  I. $&p$f&ryi . -I at~s%,certa!n .-.-:- .:speed. ~ %he.:speed-at 77 ~ - whch?,th?' &dyte . ,tons . . :=. ,.:< 
> 
" .,- . 
. . 
, . r l . -  * 
, . ~~ .-. , , A 
,.'+)*q - L a ,  .~ , L.., 2 . L -  -2- , .,i., ' -*' a, . . 6 . , . ;  , S.t., 
C-.l I*.. 
..-reg&,tlietd'&eci"or ,1$:de~endent'~pon..t~$k'6~~'~,teadyn_state isr_ac&eved 'in wh@%c ; . -  .-.. 
., .. 9 7 .~-., - I / * ,  . , . . : . .  r -  , .. . . I \ . . 
, , , , 4, , : ,3-. . ..*, . .,*, ~ >>, *.~ .,,* $ , - ,.,; :;h -$, ,,, $&, ,.;;,a,J ;Ld,,. $ ,.. ,,*, , :->$. st.,. ,:, o?~, ' # a $,; . +?>':,3y ' >!; 4. 8 p;, , ,"* *! , ' 
a .. '+al'~es:.are,lseparated. @to .disc~et~zongs, '~grr~ged, ~p.~ord% 06~decreas!ng~mobility ~. . -~ 
. - . .,. .~ . - . ..;. ., s , -. -,; - -, , 
: , , , , , , , . , , , , ,  ' ? ? : " .1.i, "- ,;.:;...,n,$&.n'(:c .*:s ; ,* ,, , 'a ,  ":$/a ;the_ gun? speed: . . ..- - ' . ; = ' : A*.:.,. , . 7. , < , , ,  ., . a #  ., 
. , . - .  
- 
~,~ ,,,..,, :pi , 3 . -1; . -.;a. %. .:.:. '" *, :.mi".. " @,,; * * $ ' , &  ,- F, . ";;,f;,, ',, $;-r.3;y$* $,i:.-T " 8  ~ ~z '5 
- '*I ' ; Z '  ,' . " ' . U1" . .  $f . % 5 .  - - ,  ' ,. . 
. *  5 i .. -. s~ ; 9 . < -  8 
. , . . $k ". .. i:,><' ,>[' ' , " 6," ..' . -: ,, , , , <; ,, ."A ". . ,,+ :,i..*L,r,.,~g:~~., <-., $; . - ; i . ~  - y ..:$ . k9," ?;. : :yi .a . *rer ,:*.i. ?.a,8', -:,, '*:a . , .: -I 
,. . . ,. Vith ~ -. CITP, samples .$re I> , ,precon@nt_rated. >,"a,% ,;.al.?,z:'-i-,: i n  ,erg . , , step' . . . , ~;as:;;a . ,. .,?, i. resu$,', 2 8 .!-.<a tg6 T,..c4:;' . - ,%: .G 
"',;,,.S' J,.,'. .;, 3"' .' - ' * . , 
.7 ' improvemeQt . . i n  detectcon sensi~vity c&n b e  two..or3ers, of:,@a&tude, oz ]higher TEe, : 3  , 
,<, ~ , , . , - -  
,., b 7, ::: : . ~ " .,< , ~;,2;r ,"T.- u.:, ,,.,,. =" ;"- ,". .'I ." ":'v',$:,.." 2. :. ' 4;: V:" .:, '*v *.,,". ' - a ,  . L: - , .i- 
most im$or't;&tti;arametir i;;' I n  is the~~~,.$his;d66troYi tli6.degree.bfdi$sociagbni6f . . - 
,, 
~. ~. .~ 
.: j / - ~  . .  , L .  . *" ' . : 3 - ,+k,, , , ,'.! .. - *: jrr, I . ,  ?,! . $ .  .:,: ... ', ,.. - p ; , i : .  .*:*, 5,:.....", c. ,?.,A4 
&I kalyte iri itvzofie a id  thLyefore its resulting kffective qobilitl. B; usiiig su2t,?61g 
, , ' i '  . ,. . , "  ,.. -. - . ,  , , , 9 , i - 8  * ,  . ./ ,,,"%'+#. - - ,;. 8 " .  il ',i 
, , , , , . . c v  " . , . " '  - ' I. f " ,~  
', ,' 
. , 
, p~;angk , _ L . ,  the . anions of we* acids , . have.be<n i s ' ,  ,, separated +ccordiqg to $heir pK, vglqe~. 
, . , a  . 
. ~ 
  ow ever, for the ahions of strong acids a complex forming equilibria-is employed, 
... , . I .j" , ,.-. ~ ' . 
i' due yo difhculti6s in the pH optimisation of separatiog conditions. Therefore, their 
- ,  
*. , . , , , , ! ,  , ..., 11 .:, . ., > 
,,- 
-- 
~ * -  ~ - ~ 
. . , a separatibn i<not +s-readgy: i~hie,y~dr["~,=~,~ 
- ~, ,*-,, . 
',?, , . , . 
. , ,  8 2 
. 
, . , , 8 -. ' 6, ,*: ;; , , 7: ,. - . I.~. " , , " "  . .' . ..' %"I ,. . IF, & ,,,, ,( , 1,". . > ,,, . - . - .., . . : , .  i 
, -~ 
I 
.1 
'. 
'?.I ,This , , -  tek@que' - , ha~~be~~.e~pl~~t:d.~f9~~i&e~dB:t~m?iPati9~~~o~.~n_~~it~~~d~nitr&t~ .U . ' .~ .- >  . .. ,  
.- 
~;,,'..a % - a i -,- .:' -, 
-- - . 
~ .. $js] . - : ,.,?..4 -:.< , ..-%t- - ' , " ,. . r  
, . . . , , ~iological . . ~ @ ~ l b & , . ~  . .." . l . n ~ _ r g ~ ~ c : i m o n ~ ~ i @ ; s ~ ~ , ~ d : ~ ~ n e $ ~ t h  _ * - - ~ -  - - -  , + .v "I . :- gi \l&iit:,o@j t<@ idfi'~ . ~ ~ . . * ~  - * c ,  ,~%y - y, , '".:: ,, 
e .  . , .. .- - 
".- . . 
1 [;ig], : - . - " '- . i .. . . . .. ,',(I$@), ., 6$,.1:4\ P1 7 K';* .,obt$ed,-- lsilia .-- p :fb;r~<$~z~;dt_e&in~t<<li! , 
. 
: ~ ~ , n ~ r g ~ c , . . w Q 1 ? S ;  ,lP '- -, y t  PFT "+.'". , ': 
. . . , : , 9 " " .  , . . , L .  ' - , - .  ,,"iq - % 
r . ,  . ?.;1 ',* , $ $ l i " ! a  - .  i $ ~ s ~ ~ s $ r e ~ $ ~ t l Y  . . dergl~P~d~:.for,~Ithe ,dc er_minatiqn - .  ,okaceblrtQiol ,.~p ,. .: :'n : +' '3: r ' "' -i 
. - 
.~ - , . .I , . . .. ~ ~ . . " b . ? .  
- - 8.; - i- .' . ... . ,ai[8]] i' 
T , & ~  ,, ":, C~,,,' ',fi!-!&&&tlcaJsk , ,,,$, , '$q't':?*," "r ir SL, $At,. L: , ~AZS", -2 ,*., $>>- i ,  ',,:+*, .+. ,;* * !;;, @ ,,,,-:,. . * :.',,, I' .,,' kb',, ,V, . # ." > '  . , ., " 
. - =. ., 
. . .~ 9 .< . ,, 
-- 
, -. - &=+& ".-+<< "<;&.+ ="&.2*,- T-=++ 2s < .  ' - , ~ - ~ . - * ~ ~ 4 ~ + - - ~ + + $ + ~ ~ - ~ , - * , & * ~ ~ ~ ~ 7 ~ - ~ - ~ .  , ,  . 8 - " . "I . - .  *+- 
. = '= , . I _ _  
> .. -. . .<A. <" , 3." ,,,, ". , * k*?' * 
.,>,: ,.~, .;r #.,, ,,, $" '::,"..~#:,. :.,, ': ;< .t.i ., ,*. < b "! .,. 
,~. . 
I" , ; , , -  , , , . , . ; " ;;<,.tr. :.'-<:""*, 57 ,,.= . ,  
. .;* i 
"I >, ',, , - ,  . . - i. , , ,  
. ,- 
~ , .  , 
, %  < 4 .  u, ;+#; ,I *I 1 14i,. : : ; ,~.~~, , , , ,p, \ -~ :rr *, ,.... ;,; , ' -  *,, ..,: , ?,,,, ? l > ; , c * b ,  i s .  "y2. _I .. ,?,;',,..:a',..;'. _ , '.. . %., ,,.A< ,#-,, ",+':,; ;,:,",:A .I,; , ;*. ~ + 
- - 
; .~ 
- .  . 
~. P * 
. .*
.*.~ ". 
, . .  +:,!:.11JL*7,:L , .  , Y ~ ? , , : ; k ~ L , L i , ~ Y , r , ~  +jl cir/;.,:;$",, 4;..,.&.:,+~'!,q I, .  c7$, i,-,"q,,. .,,:. ,+ .?,$* ,*I: i*i , I .  .;\-nS:.I - ' ;a" . ' - " 
. . 
. 
, % 
.* -- 
> 
2. 1 "  s .  . * *  . .. 
2 ,  3 .- -, . - ~: 
-. 
4 .  C? , . , " " , , , . ; .  : n :  '3 3 " : , ,' ! "  . %  : , ; :,&;;... .'..A* - ~ . 
< .  . . 3 . - . . .'" . , + .I ., , h . * 
* . .  : - ,  . - '  . .  
, . 
&**'.~ed., e,c"-e ~, . . ~ : ,. 
- + l i  
~. _ I .  
, , " , " , . -. . , ?  , , : . , , , , , 3 + , 4 - , ;  ,, , , ; :  - . , ,;a. . :,j . i; , : ., . .' 
., . ,. -- . ' ' : .  
s .  
_ . . j--E- , =-" "- i= -= ~ .G .,----. ~=. -=>- 
Chapter I A comparison between ... ... 
1.6 MODES OF DETECTION IN HPLC AND CE 
The detection mode principally used in capillary electrophoresis is UV-vis 
absorbance detection, which includes diode-array detectors. Alternative modes, which 
have advantages and disadvantages with respect to selectivity and sensitivity are 
shown in Table 1.1. 
Table 1.1 Methods of detection in capillary electrophoresis 1461 
W -vls ahsorpt~on -Diode may offers spectral 
*Usually requires der~vatisation 
Fluorescence (LIF) 
*For electroactive species only 
.For CE requires capillary 
modification, for HPLC mobile 
phase must he electrochemically 
Conductivity 
Mass Spectrometry 
Indlrect aetecbon 
10-15-10-'6 
1 0 - ~ ~ - ~ 0 - "  
10-100 times less than 
dlrect methods 
IO-'-IO.~ 
l 0 ' ~ - 1 0 ~ ~  
- 
.Un~versal 
.Requires special electronics and 
capillary mod~ficat~on 
.Universal 
.Interface between CE and MS 
compl~cated 
.Unwersal but lower in sens~tivity 
than dlrect methods 
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Whilst Laser-Induced Fluorescence (LIF) is the most sensitive mode of 
detection, not all analytes possess native fluorescence and sample derivatisation is 
usually required. The fluorescence derivatising agent, fluorescein isothiocyanate 
(FITC), was applied to the determination of mines  in food The an alysis 
of amines was also determined using 3-(2-furoy1)quinoline-2-carboxaldehyde as the 
derivatisation agent.Ix4' The determination of amino acids in brain samples was 
achieved using naphthalene-2,3-dicarboxaldehyde VDA) as the derivatising agent.[851 
1.6.1 UV-vis detection 
In CE, UV-vis detection is usually employed on-capillary by removing a small 
length of the polyimide coating on the capillary and directing a light beam through it. 
The pathlength is limited to the inner diameter of the capillary, usually 50 pm or 75 
pm.[251 With fused silica capillaries, detection below 200 nm through the visible 
spectrum is possible.[461 UV-vis detection is used for molecules that contain a 
chromophore, i.e. absorb UV-vis light. This method of detection usually requires no 
chemical modification of the sample prior to analysis and is therefore, an extremely 
convenient detection scheme.'511 
CE-UV detection has been applied to the analysis of inorganic anions in serum 
samples, with a run time of 6 min. and also in the determination of nitrate 
and nitrite in rainwater samples.[871 A CE-UV method was developed for the 
simultaneous determination of some inorganic anions and carboxylic acids, which was 
successfully applied to the analysis of soil and plant extracts.[881 However, most 
inorganic anions, including those commonly found in adhesives, cannot be detected 
with direct modes. Therefore UV detection has been modified to allow for the 
determination of analytes that do not contain a chomophore by the addition of a UV 
absorbing probe ion, such as c h r ~ m a t e . [ ~ ~ , ~ ~ ~  This mode of UV detection is discussed 
in Section 1.6.1.1. 
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UV detectors are the most commonly used detectors in IIPLC. Samples must 
absorb in the UV region (190-600 nm) to be detected. The concentration of sample is 
related to the fraction of light transmitted through the cell by Beer's law using Eqn. 
1.2 I .[201 
where: 
10 - log- - &cl 
I 
10 
- incident light intensity 
I - intensity of the transmitted light 
E - molar extinction coefficient (~- ' cm- ' )  
1 - cell pathlength (cm) 
C - sample concentration (M) 
Eqn. 1.21 
HP1,C-UV detectors provide a response in absorbance, which is linearly 
proportional to the sample concentration in the flow Eqn. 1.22: 
Eqn 1 2 2  
where A is the absorbance 
HPI,C coupled with UV detection has been applied to the analysis of 
pharmaceuticals in plasma. [91-951 A comparison of HPLC with CE for the 
determination of acetominophen and diazepam has been made. In both cases 
comparable run times and LOD's were obtained. 196,971 
1.6.1.1 Indirect UV detection 
Indirect absorbance detection in CE, is performed by adding an absorbing 
species, or probe ion, to the separation buffer, which creates a background absorbance 
signal. As the analyte species, with lower absorbance than the probe ion passes 
through the optical detection window, a reduction in the background absorbance 
signal occurs.[251 The sensitivity of the method is controlled by the choice and 
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concentration of the probe ion. The concentration LOD of an indirect method is 
shown in Eqn. 1.23. 
CR C,, = - Eqn. 1.23 
TRDR 
where: C,'LOD = concentration LOD 
CR - concentration of reagent 
TR - transfer ratio 
- DR - dynamic reserve 
Indirect UV detection has been applied to the analysis of inorganic anions, 
organic acids and cations [98-1011 and in the determination of pharmaceutical 
substances.['021 This mode of detection is discussed in greater detail in Chapter 3. 
1.6.2 Electrochemical detection 
Electrochemical (EC) detection methods are suited to the analysis of analytes, 
which have no UV or fluorescent chromophores but are redox active. However, there 
are challenges to coupling EC to CE, namely the interference of the high voltage 
electric field with the detection circuit.['031 Several approaches have been reported to 
isolate the electrochemical cell from the current.['041 An illustration of an EC detection 
system for CE is shown in Fig. 1.8. In HPLC, electrochemical detection may only be 
applied if the mobile phase is electrochemically conductive. This limitation may be 
overcome by the addition of a salt to the mobile phase. There are three modes of EC 
detection in HPLC and CE: amperometric, potentiometric and conductimetric. 
Arnperometric detection is discussed in detail in Section 1.6.2.1. 
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Figure 1.8 Representation of an electrochemical detection system with an electric field 
decoupler; where HV.: high voltage supply, RE: reference electrode, WE: working electrode 
and AE: azociliary electrode['031 
1.6.2.1 Amperometric detection 
In amperometry, a potential is applied to the sensing or working electrode and 
the faradaic current resulting from the oxidation or reduction of the analyte is 
measured.['031 Amperometric detection methods maintain a high sensitivity and as 
they involve measurements that are not dependent upon the path length, amperometry 
is suited to the detection of analytes in very narrow capillaries.['o51 Amperometric 
detection will only detect analytes that undergo either reduction or oxidation at the 
applied potential. However, this drawback may be overcome in HPLC by either pre- 
or post column derivati~ation.[~'~ 
In 1993, Lu et al., introduced arnperometric end-column detectors for the CE 
analysis of some metal ions and inorganic anions, with carbon fiber and mercury-film 
 electrode^.^'^^^'^^^ In end-column detection, the applied voltage generates a separation 
current which results in increased noise detected by the working electrode. This is 
minimised by use of low separation currents. In order to maintain low currents, the 
analysis is limited to small inner diameter capillaries, low concentration or non- 
aqueous buffers and reduced applied voltages.['081 In end-column detection, the 
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placement of the electrode is critical, as the detector noise decreases as the electrode is 
positioned further from the capillary. However, this will also reduce the sensitivity of 
the detector due to loss of analyte through diffusion in the detector This effect 
may be minimised through the application of on-column detection. In this mode of 
detection, the separation potential must be grounded prior to the capillary outlet."081 
The first amperometric on-column CE detector was reported by Wallingford and 
Ewing for the determination of catechol and catecholamines using a porous glass 
d e c o ~ ~ l e r . [ ~ ' ~ ~  Alternative designs include bare  fracture^,'"'^ or casting a polymer 
(Nafion, cellulose acetate) over the fracture. [108,112,113] 0 n-column detection reduces 
LOD by minimising loss of sample and band broadening. However, it has suffered 
from reproducibility issues and lack of robustness. CE coupled with amperometric 
detection was employed for the determination of the anthracycline, daunorubicin, in 
urine. [1141 
In HPLC-EC, several different electrodes have been employed including 
carbon paste, glassy carbon, gold and mercury. Both glassy carbon and carbon paste 
electrodes are preferred due to lower background currents generated.[201 
Amperometric detection with HPLC was also employed for the therapeutic 
monitoring of anthracyclines in plasma. 133,1151 
1.6.3 Fluorescence detection 
On-line fluorescence detection is achieved with a deuterium, tungsten or a 
xenon arc lamp. The excitation wavelength is chosen using a grating monochromator 
and fluorescence emission wavelengths are measured with a photomultiplier tube. 
Fluorescence detection is an extremely sensitive and selective mode of analysis; 
however, as not all compounds fluoresce, derivatisation is usually required.1201 
Fluorescence detection has been employed for the determination of some 
pharmaceuticals in plasma.11'6-"91 In CE, most inorganic anions and cations do not 
possess native fluorescence, indirect detection is therefore employed for their 
analysis. In this format, the BGE contains a fluorescent probe (e.g. eosin) in order to 
enable their detection. Detection limits in the range 0.008-0.037 pg ml-' were 
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obtained. This method was successfully applied to the determination of anions in tap 
water.[120' 
LIF detection coupled with CE and HPLC has been shown to result in a high 
sensitivity that is greater than that achieved by absorbance-based rneth~ds.' '*~] A 
HPLC-LIF method was developed for the determination of amino acids, which 
enabled their detection at subfemtomole levels.['"] CE-LIF detection was utilised for 
the analysis of the cations, lithium and potassium with a fluorescein sodium salt 
incorporated in the buffer solution.[1231 Alternatively, a violet diode laser was 
employed for the analysis of anions as demonstrated by Melanson et a1.11241 CE-LIF 
has also been employed for the simultaneous determination of anthracyclines in 
plasma. [15,125] 
Although indirect LIF detection is high in sensitivity, (10-'~-10-'~ M) it has 
limited applications. This is due to the cost of the lasers, the lack of appropriate 
probes and more importantly the instability of gas-based lasers. Whilst LIF would be 
the ultimate mode of detection, sensitivity is lost when miniaturised due to the 
reduced pathlength.'1241 
1.6.4 Mass spectrometry detection 
Mass spectrometry is a widely used detection technique for gas and liquid 
chromatography that provides quantitative and qualitative information regarding the 
components of a mixture. In this technique gaseous molecules are ionised, accelerated 
by an electric field, and then separated according to their mass. The energy generated 
during ionisation causes the molecule to fragment.[351 The two main soft ionisation 
techniques are Electrospray Ionisation (ESI) and Atmospheric Pressure Chemical 
Ionisation (APCI) which is discussed in Chapter 2. 
The simultaneous determination of four anthracyclines, epirubicin, 
doxorubicin, daunorubicin and idarubicin, was performed using HPLC coupled with 
electrospray mass Detection limits in the range of 0.5-2 ng ml-' 
were obtained and this method was successfully applied to the analysis of serum 
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samples. CE-MS was also applied to the analysis of pharmaceuticals, such as steroids 
and anthracyclines in biological samples.['271 
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1.7 CONCLUSIONS AND THESIS OUTLINE 
From this Literature Review, the underlying theories of the separation 
techniques chromatography and electrophoresis were investigated. The separation 
principles of the two modes of separation are very different; however, they are 
complementary techniques. 
Detection modes, such as fluorescence, electrochemical and mass 
spectrometric detection, have been successfully applied to the analysis of a wide range 
of samples. These modes of detection have been shown to be more sensitive than the 
traditional mode of detection of UV, and have enabled the therapeutic monitoring of 
pharmaceuticals in biological matrices. However, UV is still an important mode of 
detection both for method development and also for the analysis of samples where the 
LOD's are not the deciding factor. 
The aim of this thesis was the development of chromatography and 
electrophoresis methodologies for the analysis of a wide range of analytes in variety 
of matrices and a comparison was made between these developed methods. HPLC- 
MS was also used for mechanism elucidation. 
In Chapter 2, a HPLC method was developed and was successfully applied to 
the analysis of the photoinitiator, bis(2,4,6-trimethy1benzoyl)phenyl-phosphine oxide, 
(Irgacure 8 19). A comparison of its stability in samples, which were both maintained 
in the dark and exposed to the light, was performed using the optimised HF'LC-UV 
method. From this it was determined that complete degradation of the Irgacure had 
occurred by 60 min. for the samples exposed to the light. For the samples maintained 
in the dark, only an 8% reduction in the Irgacure peak height was obtained. The 
curing mechanism of the Irgacure was determined using HPLC-MS, and it was 
determined that the Irgacure undergoes a free radical curing reaction. 
In Chapter 3, a highly efficient CE separation was developed and applied to 
the simultaneous determination of inorganic and acidic anions, which are present in 
ethyl cyanoacrylate adhesive samples. The CE method developed was compared with 
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IC, the method traditionally employed for their analysis. The limits obtained by CE 
were capable of determining the expected concentrations in the adhesive samples. 
In Chapter 4, a simple and reproducible sample preparation method was 
developed and successfully applied to the analysis of cyanoacrylate adhesives. 
Chloroform was determined to be the optimum solvent for their extraction as it 
enabled full dissolution of the sample. The efficiency of the production process was 
demonstrated and shows its effectiveness in the purification of the adhesive samples. 
In Chapter 5, a CE method was successfully developed for the separation of 
the anthracyclines DAN, DOX and EPI coupled with UV, EC and LIF detection. 
Detection limits were obtained which were capable of monitoring the therapeutic 
levels of anthracyclines. The degree of plasma protein binding of anthracyclines was 
determined using microdialysis, and demonstrates the potential of this technique for 
the real time monitoring of plasma samples with on-line microdialysis coupled with 
CE. 
In Chapter 6, electrophoretic separations were compared with 
chromatographic separations in terms of the matrix of the sample to be analysed, the 
volume of sample required, the length of analysis developed and the detection 
methods preferred. CE was clearly demonstrated as an alternative mode of separation 
capable of equalling, and in many cases improving the corresponding 
chromatographic analysis 
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where: RI, R2 = alkyl, aryl for MAP0 
RI - acyl for BAPO 
Rz - alkyl or aryl for BAPO 
Figure 2.3 a-cleavage of M P O  and B A P ~ ~ '  
BAPO are superior photoinitiators to MAPO, and are extremely effective as they 
can produce four reactive species, each of which is an efficient initiator.[81 Whilst the 
application of MAPO photoinitiators has been limited to white pigmented coatings,[61 
BAPO have been applied to more complex applications such as pigmented coatings and 
composite materials.[21 The investigation of the photochemistry of these photoinitiators 
is discussed in detail in Section 2.1.2. 
2.1.2 Photochemistry of Acylphosphine oxides 
Monoacylphosphine oxides undergo a-cleavage from a triplet-excited state to 
produce two radicals, the benzoyl and phosphinoyl radicals. The photochemistry of 
bisacylphosphine oxides is similar; however, four radicals are produced from the a- 
cleavage of the triplet excited state.[g1 
Their photochemistry was investigated using a wide range of techniques 
including UV [4,9-111 and time resolved spectroscopy[6~81 which are discussed in Section 
2.1.2.1 
Chapter 2, Characterisation of an . . .. ... 
2.1.2.1 Ultraviolet ( U v  spectroscopy 
UV spectroscopy has been extensively applied to the investigation of the 
photochemistry of acylphosphine oxides. Jacobi and Henne first reported on their 
development as photoinitiators and demonstrated their effectiveness in the curing of 
some coatings, such as white furniture coatings.[41 A typical UV spectrum of a BAPO is 
shown in Fig. 2.4. 
300 400 500 600 
Wavelength (nm) 
Figure 2.4 W-vrs  absorption spectrum for the brs(2,4,6-trrmethylbenzoy~phenyl-phosphine 
oxzde 
Baxter et ~ L , [ ' O - ' ~ ]  have also investigated the efficiency of these photoinitiators 
with respect to alternative photoinitiators, such as acylphosphonates. From their 
investigations it was concluded that, although acylphosphine oxides are efficient 
photoinitiators, there was no distinct advantage in their application in either acrylate and 
unsaturated polyester resins, when compared to ace t~~henones , [ ' ~~  or in pigmented 
acrylic resins.["l However, acylphosphine oxides were determined to be more efficient 
photoinitiators than acylphosphonates, and this curing efficiency was shown to be 
further increased by the addition of amines.['*] 
The role of the amine in the photodecomposition of acylphosphine oxides was 
investigated by both High Performance Liquid Chromatography (HPLC) and Gas 
Chapter 2, Characterlsation of an . . .. ... 
Chromatography Mass Spectrometry (GC-MS).["] It was determined that although 
photodecomposition occurs in the presence and absence of an amine, the curing 
efficiency is significantly decreased in the absence of mines. However, the presence of 
an amine may also reduce the shelf life of the pigmented resin. In order to investigate 
and characterise further these photoiniators, time resolved spectroscopy was applied and 
is discussed in Section 2.1.2.2. 
2.1.2.2 Time-resolved spectroscopy 
Time-resolved spectroscopy provides information on the excited state of a 
material, e.g. the triplet excited state of acylphosphine oxides. The most powerful 
technique, which follows the time development of radicals, is Electron Spin Resonance 
(ESR).[~] ESR is similar to Nuclear Magnetic Resonance (NMR), the fundamental 
difference being that ESR describes the magnetically induced splitting of electronic spin 
and NMR is concerned with the splitting of nuclear spin sites. 
Time-resolved ESR (TR-ESR) provides clear and concise structural information 
on the material under investigation, by allowing for the direct observation of the 
radicals.[71 TR-ESR has been applied for the analysis of the radicals formed and 
demonstrates the ability of BAPO to generate four radicals upon irradiation.[14] TR-ESR 
has also been employed in conjunction with time-resolved infra-red (TR-IR) and UV 
spectroscopies to determine further the photochemistry of acylphosphine oxides and 
also the reactivity of the radicals From this work, it was determined that 
BAPO is a more effective photoinitiator to MAPO, due to its ability to produce four 
highly reactive radicals. 
ESR techniques were also successfully applied in combination with NMR 
spectroscopies, such as chemically induced dynamic nuclear polarisation (CIDNP), for 
the firther investigation of the photochemistry of acylphosphine oxides. CIDNP is a 
powerful technique as it provides information on the elucidation of the radical 
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Chapter 2, Characterisation of an ... ... ... 
2.3 MATERIALS AND METHODS 
2.3.1 Instrumentation 
2.3.1.1 HPLC- W separations (HPLC-Uv 
The HPLC system consisted of a Varian ProStar 230 solvent delivery module, 
and a Varian ProStar 310 UV detector module (Palo Alto, CA, USA). The system was 
operated using Varian ProStar 6.0 chromatography software. A Zorbax Eclipse XDB-C- 
18 reversed phase column (2.1 x 150 mm, particle size 5 pm, Agilent Technologies 
Ireland) equipped with a Zorbax SB-C8 guard cartridge (2.1 x 12.5 mm, particle size 5 
pm, Agilent Technologies Ireland) was employed. A gradient elution was employed at a 
flow rate of 0.25 ml min-'. All sample analyses were carried out using UV detection at 
270 nm with a deuterium lamp. 
2.3.1.2 HPLC- mass spectroscopy analysis (HPLC-MS) 
The HPLC system consisted of an Agilent 1100 LC module with photodiode 
array (PDA) detector, (Agilent Technologies Ireland). A Bruker Daltronics Esquire 
3000 LC-MS (ion trap) was used. A Zorbax Eclipse XDB-C-18 reversed phase column 
(2.1 x 150 mm, particle size 5 pm, Agilent Technologies Ireland) equipped with a 
Zorbax SB-C8 guard cartridge (2.1 x 12.5 mm, particle size 5 pm, Agilent Technologies 
Ireland) was employed. A gradient elution was employed at a flow rate of 0.25 ml 
min-I. APCI conditions were optimised using positive ion polarity with accompanying 
software. 
2.3.1.3 Capillary electrophoresis separations 
All CE separations were performed on Beckman PIACE MDQ instrument 
(Fullerton, CA), equipped with a UV absorbance detector. Polyimide-coated fused silica 
capillaries of 50 pm internal diameter (i.d.) were employed. The effective length of the 
capillary utilised was 0.50 m, with a total length of 0.56 m. All sample analyses were 
carried out using direct UV detection at 280 nm with a deuterium lamp. Sample 
introduction was performed hydrodynamically (0.5 psi) for 5 s. Data analysis was 
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Chapter 2, Characterisation of an ... ... . 
2.4 RESULTS AND DISCUSSION 
2.4.1 Characterisation of Irgacure 819 
The structure of the Irgacure 819 is shown in Fig. 2.5. In order to determine the 
optimum solvent in which to perform the HPLC characterisation of this Irgacure, its 
solubility was investigated. Solvents of different polarities, such as toluene, acetone and 
MeOH, were employed, and the solvents, which enabled the full dissolution of the 
Irgacure, are illustrated in Table 2.1. 
A UV study of the Irgacure was performed in ACN, ethyl acetate, THF and 
MeOH, as shown in Fig. 2.6. From Fig. 2.6, it was evident that the solvent THF resulted 
in the largest absorptivity at 270 nm. However, for HPLC analysis, it was not 
recommended to use THF as it causes the polyetheretherketone (PEEK) tubing to swell. 
An investigation of the fragmentation pathway of Irgacure 819 was performed using 
HPLC-APCI-MS. 
Figure 2.5 Structure of bis(2,4,6-trimethy1benzoyl)phenyl-phosphe oxrde (Irgacure 819), as 
provided by Henkel Loctite (Irl.) 
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Table 2.1 Solubility of bis(2,4,6-trimetlrylbenzoy~phenyl-phosphin oxide (100 pg mm~') in 
different organic solvents of varyingpolarity 
For APCI-MS, protic solvents, such as MeOH are preferred for measurement in 
the positive ion mode. As a result MeOH was chosen as the optimum sample matrix and 
mobile phase solvent in which to perform the HPLC analysis. 
Fully dissolved 
Fully dissolved 
Fully dissolved 
Fully dissolved 
Fully dissolved 
Fully dissolved 
Not dissolved 
Chloroform 
THF 
Ethyl acetate 
Acetone 
Acetonitrile 
MeOH 
Water 
3.4-4.4 
4.2 
4.3 
5.4 
6.2 
6.6 
9.0 
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2 0  
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Figure 2.6 UV-vis absorption spectra for Irgacure 819 (I00 pg mmf') in each of the organic 
solvents ACN, ethyl acetate, THF and MeOH 
2.4.2 Development of HPLC separation 
Reverse-phase chromatography is the most widely reported mode of HPLC, with 
applications in the analysis of pharmaceutical and environmental samples.['7~201 For the 
analysis of the Irgacure, reverse-phase chromatography was chosen due to factors, such 
as its molecular weight and solubility. A schematic of a guide to selecting a HPLC 
method is illustrated in Fig. 2.7. 
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Figure 2.7 Schematic of a guide to selecting a HPLC methodp'] 
Hydrocarbon 
soluble 
The analyte under investigation, Irgacure 819, has a molecular weight of less 
than 2000, and is also soluble in organic solvents. Therefore, following the schematic 
highlighted in red in Fig. 2.7, the mode of HPLC employed for this research was 
reverse-phase chromatography with either an ACN or MeOH water mobile phase. A 
MeOH water mobile phase was chosen, as MeOH is the preferred solvent for APCI-MS, 
discussed in Section 2.4.4. 
MWC 2000 
Organic soluble 
Alcohol soluble 
HeptaneIDCM 
HeptaodEtOH 
Sample 
SEC Water bulTers 
- 
MeOH/H201 
- 
Organic soluble 
THF ' 
Toluene 
MW> 2000 
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2.4.2.1 Cltoice of internal standard 
The addition of an internal standard in this analysis was essential, in order to 
provide an illustration of the degradation of the Irgacure under investigation. An 
internal standard must be similar to the analyte under investigation and must undergo 
similar losses during the process. It also must be completely resolved from the other 
components present in the sample. In Fig. 2.8, the HPLC separation of the Irgacure is 
shown; the slight fronting evident is probably due to overloading. 
0 2 4 6 8 10 
Retention time (min) 
Figure 2.8 HPLC separation of Irgacure 819 (250 pg ml-') with Wdetection at 270 nm using a 
Zorbm Eclipse XDB-C-18 reversedphase column (2.1 x 150 mm, particle srze 5 p). Mob~le 
phase of 85:15 MeOHH20. Flow rate 0 25 ml min-' 
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Two closely structurally related analytes, triphenyl methane and biphenyl, were 
investigated as potential internal standards in the determination of Irgacure 819. Their 
structures are illustrated in Fig. 2.9. 
Figure 2.9 Structures of I-triphenyl methane and 11-biphenyl 
Triphenyl methane co-eluted with the Irgacure and was therefore unsuitable as 
an internal standard. As illustrated in Fig. 2.10, biphenyl was clearly separated from the 
Irgacure and was therefore employed as the internal standard in subsequent work. 
In order to improve the peak shape of both the Irgacure and biphenyl, and also to 
reduce the total analysis time, a gradient elution was employed, as discussed in Section 
2.4.2.2. 
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- lrgacure 819 
- Biphenyl 
0 2 4 6 8 10 
Retention time (min) 
Figure 2.10 HPLC separation of (1) biphenyl (50 pg ml-') and (2) Irgacure 819 (250 pg m ~ ' )  
with UVdetection at 270 nm AN operating conditions as in Fig. 2.8 
2.4.2.2 Development of gradient method 
Initially the separation of the Irgacure was performed using the gradient method 
as illustrated in Fig. 2.1 1, with either 85: 15 MeOH Hz0 or 90: 10 MeOH H20. In this 
method, the column was initially ramped from 0 min. to 6 min. from 98% C to 2% C, 
where A was 70:30 MeOH H20 and C was either 85:15 MeOH HzO or 90:10 MeOH 
H20. The separation of Irgacure and biphenyl was performed using this gradient method 
and the resulting chromatograms are shown in Fig. 2.12. 
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0 - 0 
0 2 4 6 8 10 12 
Time (min) 
Figure 2.11 Graphical illustration ofthe gradient method employed for the HPLC separatzon of 
Irgacure 819 and the internal standard, biphenyl, where Line A is 70:30 MeOH:H20 and Line 
C is either 85:15 MeOH:H20 or 90:10 MeOH:H20 
The internal standard, biphenyl, is less polar than the Irgacure, and is therefore 
expected to elute first, as illustrated in Fig. 2.12. With 85:15 MeOH:H20, the Irgacure 
was retained on the column for approximately 12 min. and its peak shape was 
asymmetrical, with fronting of the peak evident. This indicates that the Irgacure 
required a more organic mobile phase in order to cause its elution. The run time was 
also excessively long (15 min.), as shown in Fig. 2.12. It was found that increasing the 
MeOH composition by 5% improved the peak shape of the Irgacure and also 
significantly reduced the run time from 15 min. to 10 min., as shown in Fig. 2.12. Tne 
resolution (R) between the two analytes was calculated according to Eqn. 1.9, and was 
determined to be 1.02. In order to improve the resolution further a gradient with lower 
organic content was employed, i .e , 50:50 MeOH:H20, as illustrated in Fig 2.13. 
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Figure 2.12 Gradient elution of mobile phase (Aj 70:30 MeOH.H20 with mobile phase (B) 
85.15 MeOHH2O or 90:IO Me0H:HzO for the HPLC separation of (I) biphenyl (50 pg mt') 
and (2) Irgacure 819 (250 pg mi-') with W detection at 270 nm. Gradient method as in Fzg. 
2.11. Unless stated otherwise all operating conditions as in Fig. 2.8. The 85.15 MeOH:H20 
chromatogram is offset by 0. I AU 
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Figure 2.13 Optiinzsed gradient elution of mobile phase (A) 50:50 MeOH:H20 with mobile 
phase (B) 90.10 MeOH:H20 for the HPLC separation of (1) biphenyl (50 pg mmt') and (2) 
Irgacure 819 (250 pg mmt') with W detection at 270 nm. Gradient method as in Fig. 2.11. Flow 
rate 0.25 ml min-', Zorbar Eclipse XDB-C-18 reversedphase column (2.1 x 150 mm, particle 
size 5 p) 
The peak shape of the Irgacure had become slightly broader with 50:50 
MeOH:H20; however, an increased resolution of 1.16 was obtained, as shown in Fig. 
2.13. Therefore, an optimised gradient method of 5050 MeOH:H20 with 90:lO 
MeOH:H20 was employed in subsequent work. A time stability study was performed, 
with various analytes added such as inhibitors and weak and strong acids, using the 
optimised HPLC-UV method, as discussed in Section 2.4.3.1. 
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2.4.3 Analysis in light and dark conditions of Irgacure samples 
2.4.3.1 Photodegradation of the Zrgacure 
A stability study of the Irgacure was performed over a 24 hour time frame, and a 
comparison between samples stored under dark and light conditions was obtained, with 
anhydrous MeOH as the sample matrix. Fig. 2.14 illustrates the separation of the 
internal standard and the Irgacure, of samples which were preserved in the dark. It was 
determined that from 0 min. to 24 hours there was an 8% reduction in the peak height of 
the Irgacure, as shown in Fig. 2.14. Peak height was chosen due to difficulties 
associated with calculating peak area of the asymmetric peak shape of the Irgacure. 
2 4 6 8 10 
Retention time (min) 
---- Dark 24 hour 
- Dark 60 min. 
- Dark 0 min. 
Figure 2.14 HPLC separation of (I) biphenyl (50 pg mr') and (2) Irgacure 819 (250 pg mt')  
with W detection at 270 nm for samples maintained in the dark over a 24 hour time frame. AN 
operating condztions as in Fig. 2.13 
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In a comparison with the samples exposed to the light, it was found that the 
Irgacure had almost degraded completely by 60 rnin., and in addition the appearance of 
a peak at 1.8 min., which corresponded to the products of degradation of the Irgacure 
was obtained, as illustrated in Fig. 2.15. This was also observed in the appearance of the 
solution, as at 0 min. the Irgacure solution was yellow in colour; however, at 60 min. it 
had turned to clear. An overlay of the light and dark samples at 60 rnin. is illustrated in 
Fig. 2.16. It was therefore determined that the Irgacure was extremely photosensitive, 
undergoing a fast photolysis upon UV exposure. 
- Light 24 hour 
- Light 60 min. 
--- L~ght 0 min. 
Retention time (min) 
Figure 2.15 HPLC separation of (I) biphenyl (50 pg mmll) and (2) Irgacure 819 (250 pg mmll) 
with W detection at 270 nm for samples exposed to the light over a 24 hour time frame. All 
operating conditions as in Fzg 2.13 
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(2) ,, - Dark 60 min. 
- Light 60 min 
(1) 
-0.1 I 
0 2 4 6 8 10 
Retention time (min) 
Figure 2.16 Comparrson of light and dark condrtron for the HPLC separatron of (I) biphenyl 
(50 pg mt') and (2) Irgacure 819 (250 pg mt') with UV detection at 270 nm. All operating 
I 
conditions as in Fzg. 2. I3 
2.4.3.2 Addition of water 
The analysis of the stability of the Irgacure was performed with the addition of 
deionised water in the range 0.01-0.1%. Over this entire range, all the samples exposed 
to light were completely degraded by 60 min. As a result, these samples were not 
analysed further. All samples maintained in the dark degraded to the same extent, i e., 
the % water did not affect the rate of degradation. However, a slight effect on the 
separation efficiency of the Irgacure samples kept in the dark was determined, as plotted 
in Fig. 2.17, e.g. the separation efficiency for the 24 hour sample increased from 2040 
plates m-' to 2140 plates m-' with 0.1% water added. The separation efficiencies were 
calculated according to Eqn. 1.5 and are dependent upon the peak width at half height 
(Wln) and the elution time. 
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- 60 min. 
- 180 min. 
- 24 hour 
% Water content 
Figure 2.1 7 Graphical r~~ustration of the separation eflcrencies calculated for 0%, 0.01%, 
0.05% and 0.1% water added to the 60 mm., 180 min and 24 hour Irgacure dark sample. All 
operating conditions as in Frg. 2.13 
From this study, it was found that the separation efficiency increased with 
increasing amounts of water. This is illustrated in Fig. 2.17. However, for the 60 min. 
sample the separation efficiency calculated at 0% water was slightly higher than for the 
180 min. and 24 hour samples, and this was contributed to a slight change in the elution 
time of the Irgacure as the-WlI2 was similar for all samples. This increase though was 
not significant, and accounted only for an increase of 53 plates m-'. 
It was also concluded from results shown in Fig. 2.17, that from 0.05% to 0.1% 
water for the 24 hour sample the change in separation efficiency was not considerable, 
(10 plates m-I). However, for the same % water range, the change in separation 
efficiency for both the 60 and 180 min. samples resulted in a greater - increase (42 plates 
m"). As the separation efficiency increased with increasing % water; therefore it may be 
concluded that increasing the water content fuaher will improve the symmetry of the 
peak. 
Chapter 2, Characterrsation of an ... ... .. 
2.4.3.3 Comparison of strong and weak acid 
The addition of a strong acid versus a weak acid in the Irgacure sample was 
investigated. The strong acid employed was methyl sulphonic acid (MSA) and the weak 
acid utilised was boron trifluoride dihydrate (BF3.2HzO). MSA is a protonic acid, which 
generally exists as a salt and as a result is very acidic, while BF3.2H20 is a Lewis acid. 
For the analysis of the light samples, the separation was the same as in Fig.'s 2.15 and 
2.16, with complete degradation of the Irgacure occurring at 60 min., so that further 
analysis was not possible at this point. Therefore, neither the strong or weak acid 
significantly inhibited the photo-induced degradation. 
For the samples, which were kept in the dark, again there was no difference in 
the rate of degradation upon the addition of either acid. The effect of their addition upon 
the separation efficiency of the Irgacure was determined, as plotted in Fig. 2.18. 
% Water content 
- 
Figure 2.18 Graphical rllustratzon of the separation eflciencies calculated for 0%, O.OI%, 
0.05% and 0.1% water added to the 60 min. Irgacure dark sample for the Irgacure, Irgacure 
and MSA and Irgacure and BF3.2H20. All operating conditions as in Fig 2.13 
- lrgacure 
- Irgacure + MSA 
d-- Irgacure + BF3.2H20 
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MSA was added with water in the range 0.01-0.1%. The separation efficiency 
decreased from 2216 plates m-' in the 0% water sample to 2146 plates m-' in the 0.1% 
water sample. BF3.2H20 was also added with water in the range 0.01-0.1%. In contrast 
to the protonic acid, the addition of the Lewis acid caused the reverse effect, i e., the 
separation efficiency increased with increasing water content in the sample. This trend 
was also observed for the Irgacure sample with no weak or strong acid added. As 
discussed in Section 2.4.3.2, the separation efficiency calculated at 0% water was as a 
direct result of a change in the elution time of the Irgacure, as illustrated in Fig. 2.18. 
2.4.3.4 Addition of stabiliser and curing additives 
Ferrocene, which acts as a stabiliser, protects the Irgacure from undergoing 
further hydrolysis. The analysis of the Irgacure with the addition of ferrocene plus either 
a weak or strong acid was performed for samples, which were exposed to the light. Fig. 
2.19 illustrates the effect of the presence of these additives on the separation of the 
Irgacure by HPLC-UV. From Fig.'s 2.15 and 2.16, it was observed that degradation of 
the Irgacure had occurred by 60 min. The addition of ferrocene in the Irgacure sample 
reduced the degradation of the Irgacure, and the appearance of a peak at 1.8 min. was 
obtained, as illustrated in Fig. 2.19. However, as shown in Fig. 2.19, degradation of the 
Irgacure was not complete by 60 min, as had previously been observed. A very small 
peak was observed at 4.1 min.; therefore, the presence of ferrocene resulted in a 
decrease in the rate of degradation of the Irgacure. 
When the strong and weak acids were added, they affected the rate of 
degradation in different ways. The addition of the weak acid, BF3.2H20 increased the 
rate of Irgacure degradation, so that the Irgacure was completely degraded by 60 min., 
as shown in Fig. 2.19. With the addition of MSA in the Irgacure sample, the Irgacure 
had degraded with the appearance too of the peak at 1.8 min. This corresponded to the 
degradation of the Irgacure and this peak possessed a greater absorbance response than 
with the addition of just ferrocene or ferrocene in conjunction with the weak acid. 
However, the photodegradation of the Irgacure at 4.1 min. was significantly reduced 
than when just ferrocene was added, with an increased Irgacure peak height obtained. 
Therefore the addition of both MSA and ferrocene resulted in a decrease in the rate of 
Irgacure degradation. 
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Figure 2.19 HPLC separation of (1) biphenyl (50 pg mt') and (2) Irgacure 819 (250 pg mt')  
with W detection at 270 nm for samples exposed to the light with ferrocene, ferrocene and 
MSA and ferrocene and BF3.2H20 added to the 60 min. sample. All operating conditions as m 
Fig. 2.13 
For the samples, which were maintained in the dark, there was no difference 
obtained in the peak height or peak area of the Irgacure and as a result showed no 
difference in the rate of degradation upon the addition of either acid in conjunction with 
ferrocene. The effect of their addition upon the separation efficiency of the Irgacure was 
investigated, and plotted in Fig. 2.20. 
The addition of ferrocene to the Irgacure samples kept in the dark caused a 
reduction in the separation efficiency, which represented a 13.7% decrease from the 
sample with no additions to the sample with ferrocene added. However, the addition of 
MSA with ferrocene to the Irgacure sample resulted in an increase of the separation 
efficiency to a similar level to that of the Irgacure sample with no additions. The weak 
acid, BF3.2H20, was added to the Irgacure sample with ferrocene, and this again 
increased the separation efficiency, although an asymmetrical Irgacure peak was 
obtained. Therefore, for the samples maintained in the dark, the addition of ferrocene 
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alone caused an unexpected decrease in separation eficiency. The addition of either a 
weak or strong acid with ferrocene, did not &ect the separation efficiency to the same 
degree as the addition of ferrocene alone, as shown in Fig. 2.20. 
- 
B lrgacure 
E 3000 - B Ferrocene 
t 
- B Ferrocene + MSA 
5' Ferrocene + BF3.2H20 
lrgacure Ferrocene F+MSA F+BF3 
Figure 2.20 Graphical i~iustrahahon f the separation eficiencies calculated for the Irgacure 
with no ferrocene in the sample, ferrocene, ferrocene and MSA and ferrocene and BF3.2HzO 
added to the 60 min. Irgacure dark sample. Where F: fmocene and BF3: BF3.2H20. AN 
operating conditions as in Fig. 2.13 
As both MSA and BF3.2Hz0 affected the rate of degradation, for samples 
exposed to the light when added in conjunction with ferrocene, a number of other 
additives were also analysed. The analysis of the Irgacure samples exposed to the light, 
with ferrocene d t h  either cumene hydroperoxide (CHP), 1,4-benzoquinone (BQ) or 
hydroquinone (HQ) added, were analysed by the optimised HPLC-W method. 
From results shown in Fig.'s 2.15 and 2.16 it was evident that the degradation of 
the Irgacure occurs by 60 min. The appearance of a peak at 1.8 min. was observed for 
the ferrocene samples as shown in Fig. 2.21. For the ferrocene sample with CHP, there 
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was evidence of a significant decrease of Irgacure at 4.1 min. and a corresponding peak 
at 1.8 min. possessed the greatest absorbance response. CHP, instead of inhibiting 
Irgacure degradation, actually increased the rate of degradation. The analysis of the 
Irgacure sample with ferrocene on its own also illustrated the presence of a peak at 4.1 
min., as illustrated in Fig. 2.21. 
0 30 - Ferrocene +BQ 
--- Ferrocene + HQ 2 0.25 - Ferrocene + CHP 
- 
- Ferrocene 
. 0.20 
C 
3 
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S1 0.05 
0.00 
-0.05 
0 2 4 6 8 10 
Retent~on time (min) 
Figure 2.21 HPLC separation of (I) biphenyl (50 pg mt'j and (2) Irgacure 819 (250 pg mt'j 
with W detection at 270 nm for samples exposed to the light with ferrocene, ferrocene and 
CHP, ferrocene and HQ and ferrocene and BQ added to the 60 min. sample. All operating 
condrtions as in Fig. 2.13 
Hydroquinone and 1,4-benzoquinone act as inhibitors, which oxidise quickly. In 
the analysis of the Irgacure sample with HQ and BQ added, the Irgacure sample had 
completely degraded by 60 min., with the appearance again of the peak at 1.8 min. 
Therefore, it can be concluded that the addition of both HQ and BQ in conjunction with 
ferrocene, did not affect the rate of Irgacure photodegradation, however, the addition of 
ferrocene and CHP resulted in an increase in the rate of Irgacure degradation. 
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The Irgacure samples kept in the dark showed no significant differences in the 
peak height or peak area of the Irgacure and therefore resulted in no considerable 
difference in the rate of its degradation. The effect upon the separation efficiency of the 
Irgacure of each of the additives was obtained and is illustrated in Fig. 2.22. As 
discussed previously, the addition of ferrocene to the sample caused a reduction in the 
separation efficiency; however, the addition of CHP and HQ resulted in the separation 
efficiency to increase to a similar level to that of the Irgacure sample with no additions. 
A comparison between HQ and BQ was investigated and h m  Fig. 2.22, it was 
found that the addition of BQ caused a slight reduction in the separation efficiency; 
however, this reduction was not considerable and represented an 8% reduction in 
separation efficiency. 
B lrgacure 
B Ferrocene 
B Ferrocene + CHP 
Ferrocene + BQ 
B Ferrocene + HQ 
Figure 2.22 Graphical illustration of the separation eflciencies calculated for the Zrgacure 
with no ferrocene in the sample, ferrocene, ferrocene and CHP, ferrocene and BQ and 
ferrocene and HQ added to the 60 min. Irgacure dark sample. All operating conditions as in 
Fig. 2. I3 
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Following the investigation of Irgacure degradation in MeOH, the analysis of 
the Irgacure in an ethyl cyanoacetate sample matrix was performed and is discussed in 
Section 2.4.3.5. 
2.4.3.5 Ethyl cyanoacetate analysis 
The stability study of the Irgacure was performed in an ethyl cyanoacetate 
matrix over a 24 hour time frame. A comparison between samples maintained in the 
dark and light was made. Initially the analysis of an ethyl cyanoacetate sample was 
performed, with and without the Irgacure and internal standard, as illustrated in Fig. 
2.23. It was determined that the ethyl cyanoacetate matrix peak eluted in the same 
region (1-3 min.) in which the degradation peak of the Irgacure occurs, and it also 
closely eluted with the internal standard, as shown in Fig. 2.23. The separation of the 
internal standard and the Irgacure, of samples which were maintained in the dark, is 
shown in Fig. 2.24. 
-0.1 
0 2 4 6 8 10 
Retention time (min) 
Irgacure + Int std. 
--- Ethyl cyanoacetate 
Figure 2.23 HPLC sepurution of (1) biphenyl (50 pg ugnt') and (2) Irgacure 819 (250 pg mt') in 
an ethyl cyanoacetate sample matrzx with UV detection at 270 nm, where (a) corresponds to the 
ethyl cyanoacetate matrix All operating conditzons as in Fig. 2.13 
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It was determined that hom 0 rnin. to 24 hours there was only a slight reduction 
in the peak height of the Irgacure, from 0.64 AU in the 0 min. sample to 0.60 AU in the 
24 hour sample, as shown in Fig. 2.24. A comparison was made with the Irgacure 
samples exposed to the light, and it was observed that the degradation of the Irgacure 
had occurred by 60 min., as illustrated in Fig. 2.25. In the region of the ethyl 
cyanoacetate matrix, a shoulder was observed at 2.2 min. This may correspond to the 
products of degradation of the Irgacure, but it was not possible to accurately establish 
this, as shown in Fig. 2.25. The addition of various analytes, such as inhibitors and 
weak and strong acids to the Irgacure sample in an ethyl cyanoacetate matrix, was 
performed; however, these separations also resulted in a similar trend. Therefore, only a 
comparison was possible between the analysis of the samples exposed to the light and 
maintained in the dark, as illustrated in Fig.'s 2.24 and 2.25. 
-0.1 4 
0 2 4 6 8 10 
Retention time (min) 
Figure 2.24 HPLC separation of (I) biphenyl (50 pg mt'j  and (2) Irgacure 819 (250 pg mml') in 
an ethyl cyanoacetate sample matrix for samples maintained in the dark at 60 min with W 
detection at 270 nm, where (a) corresponds to the ethyl cyanoacetate matrix. AN operating 
conditions as zn Fig. 2.13 
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--- L~ght 24 hour 
- Light 60 rnin 
- Light 0 min 
Figure 2.25 HPLC separation of ( I )  biphenyl (50 pg mt ' j  and (2) Irgacure 819 (250 pg mr') in 
an ethyl cyanoacetate matrix for samples exposed to the light at 60 min. with W detection at 
270 nm, where (a) corresponds to the ethyl cyanoacetate matrix. All operating conditions as in 
Fig. 2.13 
2.4.4 Irgacure degradation product determination by HPLC-MS 
The analysis of the Irgacure samples was performed using HPLC-APCI-MS. 
The photolysis can give rise to three possible different cure mechanisms with an acrylic 
-- 
monomer i n  the presence of ferrocene. ~ i r s t l ~ ,  a free radical mechanism, with the 
phosphinoyl (m/z 125) and benzoyl ( d z  147) radicals generated may take place. An 
anionic mechanism is also possible. Finally, a nucleophilic mechanism, due to the 
presence of a source of hydrogen ions, such as hydroquinone, may occur. APCI was the 
favoured ionisation technique due to the low molecular weight and the polarity 
properties of the Irgacure. Fig. 2.26 illustrates the applications of HPLC-MS ionisation 
techniques. 
In APCI, the mobile phase containing the analyte, l.e., the sample (e.g. 
Irgacure), is sprayed into a heated chamber at atmospheric pressure. In this chamber, the 
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solvents evaporate, and neutral analyte molecules are ionised by collision with reagent 
ions by interaction of the source gases with a corona discharge. Ionisation occurs either 
by proton transfer or charge exchange.r221 It was found that either MeOH water or ACN 
water were the preferred mobile phases for the analysis of the Irgacure, as illustrated in 
Fig. 2.7. However, as APCI was employed for MS analysis, a protic solvent such as 
MeOH is the preferred solvent because it helps improve positive ioni~ation.[~~l 
. . . . .  
. . . . . . . . . . .  - .  . . :I . .~ . 1 
,. . . . 
. . 
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: , ' '  , . , i 
. . . . . .  Polarity . . .  .. . . 
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Figure 2.26 illustration of the applications of dzffwent ionisation techniques, where ESP 
. . 
* , , ~  .
electrospvq ionisation andAPCI: ahnospheric pressure chemical i~nisationl'~~ . . 
~. 
.~:, ~.:+- . . . . . . .  . . ....... 
. ~ . . . . . .  
2.4.5 Optimisation of APCI parameters 
2.4.5.1 Direct infusion ancJusis ~. , ,. 
. . 
. . . (  
, , t , ' .  . . . .  
'. '. 
For the optimisation of the parameters for APCI, an Irgacure sample, not . 
containing an internal standard or additives, was injected directly into the APCI source. 
This was performed using a three-port tee piece. One end of the tee piece was connected 
to the HPLC pump, which was flowing a 100% MeOH mobile phase through the tee 
piece. This was subsequently mixed with an Irgacure sample from a syringe pump and 
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flowed towards the APCI source, whereupon ionisation of the sample occurred. Fig. 
2.27 illustrates a mass spectrum of the Irgacure sample, following direct infusion of the 
sample into the APCI source. Optimum APCI-MS conditions are shown in Appendix 
la. Under these ionisation conditions the molecular ion, of m/z 419, is of low intensity. 
This is most likely a consequence of the fragmentation conditions applied to the 
molecular ion, and it is possible this effect may be minimised by applying softer 
ionisation conditions such as reducing the dry temperature. 
CH, q-6: 
Irgacure 
d z 4 1 9  
Figure 2.27APCI-MS of Irgacure 819 (100 pg mt') m MeOH. Flow rate 0.19 ml mm-' 
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Upon UV irradiation, the Irgacure undergoes a-cleavage of carbonyl- 
phosphorus bond and results in the production of benzoyl and phosphinoyl radicals, as 
shown in Fig. 2.28. 
Figure 2.28 a-cleavage of Irgacure 819, to produce I-phosphinoyl radical and 11-benzoyl 
radicalr2'' 
From Fig. 2.27, it was found that the d z  147.3 was identified as the benzoyl 
radical, which is shown in Fig. 2.28. This fragmentation pathway corresponds to that 
shown in Fig. 2.28. In order to investigate any further fragmentation APCI-MSIMS was 
performed, as shown in Fig. 2.29. From the APCVMS of the d z  147.3, fragments of 
119.1 and 91.3 resulted, which are illustrated in Fig. 2.29. 
The analysis of the Irgacure samples, exposed to the light and maintained in the 
dark was performed using the optimised HPLC method with APCI-MS. A time stability 
study was also carried out, and the curing mechanism of the Irgacure was investigated 
with various additives, such as weak and strong acids, contained in the Irgacure sample. 
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Figure 2.29 APCZ-M/MS of Irgacure 819 (100 pg in MeOH Flow rate 0 19 ml min-' 
2.4.5.2 Analysis of Irgacure with additives 
A stability study of the Irgacure was performed from 0 min. to 24 hours, and a 
comparison between samples maintained in the dark and light was obtained. It was 
determined from the HPLC-UV investigation that photodegradation of the Irgacure did 
not occur for samples maintained in the dark, as shown in Fig. 2.14. A comparison was 
performed, with samples maintained in the dark and exposed to the light; however, the 
results were similar for both. The results shown in this section correspond to studies for 
the light 0 min. and 24 hour analyses. 
Initially, the analysis of the internal standard and the Irgacure was performed. 
Using the accompanying software, a Total Ion Chromatogram (TIC) was obtained from 
which Extracted Ion Chromatograms (EIC) were acquired. As the % water was shown 
not to affect the rate of degradation, water was added at its greatest quantity (0.1 %). The 
ions detected in both investigations were the same, m/z 147, 163 and 179. An overlay of 
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the TIC and EIC's obtained for the analysis of the Irgacure with and without water are 
illustrated in Fig. 2.30. 
The ion of m/z 147 corresponded to the benzoyl radical, as discussed in Section 
2.4.5.1. This ion was also evident in the internal standard, which was identified by its 
elution time at 2.2 min. The ion of m/z 163 was present in the Irgacure sample and also 
in the peak of retention time at 1.8 min., which corresponds to the degradation of the 
Irgacure. In a comparison with the Irgacure samples with 0.1% water this peak at 1.8 
min. possessed a greater intensity in the sample with no water added, which indicates 
that the presence of water in the sample reduced the Irgacure degradation, as illustrated 
in Fig. 2.30. In contrast, the ion of m/z 179, which was present in the Irgacure, 
possessed a greater intensity for the sample with water added, as shown in Fig 2.30. For 
the analysis of samples exposed to light for 24 hours, no significant photodegradation 
was obtained. In order to investigate further the cure mechanism of the Irgacure, the 
analysis of the Irgacure was performed with additives such as ferrocene and MSA in the 
Irgacure sample. 
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Figure 2.30 TIC and EIC's for Irgacure 819 (0 min. sample) in MeOH Unless stated otherwise 
all operating conditions as in Fig 2.13 
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The addition of the strong acid, MSA, and the weak acid, BF3.2Hz0, to the 0 
min. and 24 hour sample, was not found to significantly affect the degradation of the 
Irgacure. Ions of m/z 147, 163 and 179 were also obtained for the 0 min. and 24 hour 
samples, with the same trend observed as that shown in Fig. 2.30 for the Irgacure 
sample with and without water added. When 0.1% water was added in conjunction with 
MSA and BF3.2H20, again the fragment ions of m/z 147, 163 and 179 were obtained 
with the same trend also obtained as that illustrated in Fig. 2.30. 
From the HPLC-UV investigations, it was determined that the addition of 
ferrocene to the Irgacure sample resulted in a decrease in the rate of degradation of the 
Irgacure samples exposed to light. With the addition of ferrocene, ions of m/z 147, 163 
and 179 were obtained. A comparison of the 0 min. and 24 hour samples was performed 
and Fig. 2.3 1 represents the TIC'S and EIC for m/z 163 for both samples. 
---- T I C  F e r r o c e n e  2 4  h o u r  
----- T I C  F e r r o c e n e  0 m in 1 
- E I C  1 6 3  2 4  h o u r  
---- E I C  1 6 3  0 rn in 
0 2  4 6  8 1 0  
T ~ r n  e  ( m  i n )  
Figure 2.31 TIC and EIC for m/z 163 for Irgacure 819 (0 min. and 24 hour sample) in MeOH 
Unless stated otherwise all operating conditions as in Fig. 2.13 
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It was found from the TIC in Fig. 2.31, that degradation of the Irgacure had 
occurred, however, after 24 hours degradation was not complete. This was not expected, 
as complete photodegradation had occurred by 24 hours in the HPLC-UV analysis of 
light samples with ferrocene added, as discussed in Section 2.4.3.4. This was due in part 
to the increased sensitivity and also to the decreased light in the MS laboratory. 
However, it was not expected even taking these two factors into account that such high 
concentrations of Irgacure would remain. Also, from the EIC of d z  163, it appears that 
the peak at 1.8 min., has decreased slightly in intensity, Fig. 2.3 1. 
The addition of a strong acid, MSA, versus a weak acid, BF3.2H20, in 
combination with ferrocene in the Irgacure sample was investigated for the 24 hour 
samples. Again ions of m/z 147, 163 and 179 were acquired, as shown in the TIC and 
EIC's in Fig. 2.32. An overlay of the TIC'S and EIC's obtained for the Irgacure sample 
with no additives, ferrocene, and ferrocene with MSA and BF3.2Hz0 is illustrated in 
Fig. 2.32. Complete photodegradation was expected, however, only slight degradation 
was achieved, as discussed above, Fig. 2.32. 
The ion of d z  147 corresponded to the benzoyl radical, as discussed in Section 
2.4.5.1, which was also present in the internal standard, as it eluted at 2.2 min. The 
addition of MSA into the sample resulted in a reduction of the intensity of the Irgacure 
peak, which represented a 16% reduction. In contrast the weak acid caused only a slight 
reduction in intensity (6.6%), as shown in Fig. 2.32. The ion of m/z 163 was present in 
the Irgacure sample and also in the peak at 1.8 min., which corresponds to the 
degradation of the Irgacure. In a comparison with the Irgacure sample with MSA added, 
this peak at 1.8 min. possessed a greater intensity than in the sample with no additives 
or BFjH20 added, which indicates that the presence of MSA affected the rate of 
Irgacure degradation, as illustrated in Fig. 2.32. The ion of m/z 179 eluted at 4.1 min., 
and was therefore present in the Irgacure. 
The addition of CHP, BQ and HQ in conjunction with ferrocene was 
investigated for both 0 rnin. and 24 hour samples. Their addition did not considerably 
affect the rate of degradation of the Irgacure, with fragment ions of m/z 147, 163 and 
179 again obtained. In order to help identify these ions, an investigation of the cure 
chemistry of the Irgacure was performed and is discussed in Section 2.4.4.4. 
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Figure 2.32 TIC and EICS for Irgacure 819 (24 hour samples) rn MeOH, with ferrocene, 
ferrocene and MSA and ferrocene and BFj 2H2O Where F: ferrocene and BFj: BF2.2H,0. AN 
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From the HPLC-UV investigation it was determined that the ethyl cyanoacetate 
matrix eluted in the same region of the chromatogram in which the products of 
degradation of the Irgacure occurs, Fig. 2.23. The ethyl cyanoacetate matrix was not 
used for HPLC-APCI-MS analysis due to concerns about contamination of the 
ionisation source by the matrix. Consequently, the analysis of the Irgacure samples in an 
ethyl cyanoacetate matrix was not performed using HPLC-APCI-MS. 
2.4.5.3 Investigation of the Irgacure cure mechanism 
It is reported in literature that the Irgacure undergoes a-cleavage to produce the 
benzoyl and phosphinoyl radicals.r241 This reaction is shown in Fig. 2.28. From the mass 
spectrometry investigation, fragment ions of d z  147, 163 and 179 were obtained for the 
analysis of the Irgacure with and without additives in the sample. Based on both the 
fragment ions observed and potential reaction schemes supplied by Henkel Loctite (Irl.) 
the following mechanism has been proposed for the Irgacure 819, as illustrated in Fig. 
2.33. 
Chapter 2, Characterisatron of an .. . . .. 
Figure 2.33 Proposed cure mechanzsm for the Irgacure 819 
The fragment ion of m/z 179 was identified as a peroxy radical, produced from 
the reaction of the benzoyl and phosphinoyl radicals with oxygen. The appearance of 
the fragment ion nz/z 163 was also identified, which did not produce additional fragment 
ions upon further fragmentation. Fig. 2.34 illustrates the mechanism for the formation of 
m/z 163, through the presence of water. 
Figure 2.34 Proposed cure mechanrsm for the Irgacure 819 with the presence ofwater 
From the HPLC-UV investigations, it was determined that the rate of Irgacure 
degradation was not dependent upon the water content. However, the curing mechanism 
of cyanoacrylate adhesives is initiated by the presence of a weak base, such as water, on 
the surface of the materials being bonded.[251 From the analysis of the Irgacure with and 
without 0.1% water added, as shown in Fig. 2.30, it was also determined that the 
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presence of water in the sample did not affect the rate of degradation of the Irgacure, 
i.e., the curing of the Irgacure. This is shown in the EIC of m/z 163, where the trace of 
the Irgacure sample with no water added possesses a greater intensity, than that with 
water added. It would be expected that the EIC with water added, would have a higher 
intensity, according to the reaction mechanism proposed in Fig. 2.34. As a result, the 
curing mechanism proposed for the Irgacure 819 is a free radical mechanism. 
2.4.6 Development of CE method for Irgacure analysis 
2.4.6.1 CE buffer selection 
The CE analysis of the Irgacure was performed using a borate based buffer, 
which has a pK, value of 9.24. Two buffer systems were investigated, i.e., a 50 and 250 
mM borate buffer at pH 9.0. In order to determine the optimum separation voltage for 
the analysis of the Irgacure an Ohm's law plot was obtained, as described by Nelson et 
al ,  and plotted in Fig.'s 2.36 and 2.37. 
0 5 10 15 20 25 30 35 
Voltage (kV) 
Figrcre 2.36 Ohm 's Law plot for 50 mM borate, pH 9.0. Effective capzllaiy length 0 58 m 
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From the Ohm's Law plot in Fig. 2.36, it was evident that a linear relationship 
between current and voltage existed and that the analysis could be perfomled at 
separation voltages as high as 30 kV for the 50 mM borate buffer. Increasing the borate 
concentration increased the currents generated, as shown in Fig. 2.37, and Joule heating 
resulted. From Fig. 2.37, it was determined that a linear relationship between current 
and voltage existed from 2.5-27.5 kV, after which Joule heating was evident. 
0 5 10 15 20 25 30 35 
Voltage (kV) 
Figure 2.37 Ohm's Law plot for 250 mMborate, pH 9.0. Effective capillary length 0.58 in 
Fig 2.38 illustrates a separation of the Irgacure in a MeOH sample matrix using 
50 mM borate buffer. It was evident from Fig. 2.38, that using the separation voltage of 
20 kV, the separation was complete by 3 min., including rinse times, and a total analysis 
time of 6 min. was obtained. This was a reduction of 4 min. from the total analysis time 
achieved by HPLC. Also, increased separation efficiencies of 41 1,280 plates m-' were 
obtained. However, the Irgacure migrates with the electroosmotic flow (EOF), which 
indicates that it is a neutral analyte at this pH. As a result, an alternative mode of CE 
more suited to the analysis of neutrals should be employed for further analysis, such as 
micellar electrokinetic chromatography (MEKC). Using the borate buffer of 250 mM, 
the separation time of the Irgacure was increased to 8 min., with a total analysis time of 
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11 min. Using this buffer, the absorbance response of the Irgacure was reduced and as a 
result, the peak absorbance of the blank was greater than that of the Irgacure, as shown 
in Fig. 2.39. Due to the increased total analysis time with the higher concentration of 
borate, and also the decreased absorbance response obtained with this buffer, a buffer of 
50 mM borate at pH 9.0 was employed for further analysis. 
-4000 4 1 
0 2 4 6 8 
Migration time (min) 
Figure 2.38 Effect of separation voltage for the CE analysis of the Irgacure 819 (1000 pg ml-I). 
Separation voltages 15 and 20 kV employed with direct UV detection at 280 nm, pressure 
injection 0.5 psi / 5 s. BGE: 50 mM borate, pH 9.0. Effective capillary length 0.58 m 
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Figure 2.39 CE separation for the analysis of the Irgacure 819 (1000 pg ml-3. Separation 
voltage 20 kVJ pressure injection 0.5 psi / 5 s with direct W detection at 280 nm. BGE: 250 
mM borate, pH 9.0. Effective capillary length 0.58 m 
A time stability study of the Irgacure was performed, over a 24 hour time frame, 
using the optimised CE method, for samples exposed to the light and maintained in the 
dark. For the samples maintained in the dark, no degradation of the Irgacure sample 
occurred and Fig. 2.40 illustrates the separation of the Irgacure samples exposed to the 
light. From Fig. 2.40, it was found that complete photodegradation of the Irgacure had 
occurred by 24 hours, which validated the results obtained in the HPLC method. 
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Figure 2.40 CE separation for the analysis of the Irgacure 819 sample exposed to the light 
(1000 pg mmlr'). Separation voltage 20 kV, with direct W detection at 280 nm. Unless stated 
othenvrse all operating conditions as in Fig 2.3 7. Effective capillary length 0.58 m 
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The CE method developed, with its reduced total analysis times and increased 
separation efficiencies, (411,280 plates m-') demonstrates its ability as an alternative 
method of analysis for the degradation of the Irgacure. The addition of an internal 
standard, however, is required, as this would provide an illustration of the degradation 
of the Irgacure. 
---- Light 24 hour 
- Llght 0 min 
- Blank 
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2.5 CONCLUSION 
A HPLC method was developed and was successfully applied to the analysis of 
the photoinitiator, bis(2,4,6-trimethylbenzoy1)phenyl-phosphine oxide, (Irgacure 819). 
A comparison of its stability in samples, which were kept in the dark and exposed to the 
light, was performed using the optimised HPLC-UV method. From this it was 
determined that the degradation of the Irgacure had almost completely occurred by 60 
min. for the samples exposed to the light. For the samples maintained in the dark, only 
an 8% reduction in the Irgacure peak height was obtained. The addition of various 
analytes added such as stabilisers and weak and strong acids, was performed and it was 
determined that complete degradation of the Irgacure had not occurred by 60 min. with 
the addition of a stabiliser into the Irgacue sample exposed to the light. An 
investigation of the curing mechanism of the Irgacure was performed using APCI-MS, 
and it was determined that the lrgacure undergoes a free radical curing reaction. This 
mechanism assignment was based on a number of factors. The addition of water did not 
affect the rate of degradation, which occurs for anionic initiation. As shown in Fig. 2.33, 
ferrocene reacted with the free radicals generated from the free radical initiation. These 
free radicals of m/z 147, 163 and 179, were all identified as free radical intermediates 
produced by the outlined mechanism. The application of CE to the analysis of the 
Irgacure was shown. This is the first time that this analysis has been reported. The CE 
method developed demonstrated its ability as an alternative mode of analysis with 
increased separation efficiencies obtained, 2 130 plates m-' with HPLC and 4 1 1,280 
plates m-' with CE, and also a reduced total analysis time of 6 min. achieved. 
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Chapter Three 
Development and Application of a CE method 
for the analysis of Cyanoacrylate Adhesives 
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3.1 INTRODUCTION 
This work describes the development of a Capillaty Electrophoresis (CE) 
method for the simultaneous determination of both inorganic and acidic anions, which 
may be present in cyanoacrylate adhesives. Cyanoacrylate adhesives, commonly known 
as superglues, are single component instant bonding adhesives, that are capable of 
forming and maintaining a bond between surfaces.['' A flow chart providing a broad 
overview of the manufacturing process is illustrated in Fig. 3.1. The alkyl cyanoacetic 
acid is condensed with formaldehyde in the reaction vessel. The productions of this 
reaction "crack" are heated, leading to a crude monomer and a crack residue, which is 
discarded. The pure monomer is produced from the distillation of the crude monomer 
and the residue remaining from this distillation is recycled back into the reaction vessel 
to complete the production cycle. 
Reaction vessel 
(e.g. phosphoric acid) Monomer 
Crude 
Monomer 
Cmck!sidue Distillation Residue 
Figure 3.1 fllustratron of the cyanoacrylate production process 
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A variety of inorganic and acidic anions may be present at different stages of the 
production process, such as sulphate and methyl sulphonic acid (MSA), and in order to 
maintain the quality of the product, sensitive methods for their quantification are 
required.[" A CE method was developed previously for their separation by ~ i n c a i d . ~ ~ '  
Using this method the following anions were successfully separated: chloride, nitrate, 
sulphate, malonate, maleate, formic acid, phosphate, MSA, cyanoacetic acid and 
hydroxyl propane sulphonic acid (HPSA). A run time of under 7 min. achieved baseline 
separation for these species.[21 The analytes which were under investigation for this 
study were slightly different to those separated by Kincaid, namely phosphate, chloride, 
nitrate, sulphate, fluoride*, formic acid, cyanoacetic acid, diethylghosphate (DEP) and 
MSA, Fig. 3.2. 
CN- C H ,  C  -OH 
Ill 
0 
Figure 3.2 Structures of I-MSA and II-cyanoacetic acid, which are two of the organic acids 
present in cyanoacrylate adhesives 
The analyses of anions have previously been carried out using traditional 
chromatography techniques, such as Ion Chromatography (IC) and High Performance 
Liquid Chromatography (HPLC).[~,~] Two IC methods were developed for the 
simultaneous separation of inorganic anions and cations. In one method, two ion- 
exchange columns were connected in series, and with ultra-violet (UV) detection the 
simultaneous separation of anions and cations was achieved in a run time of 20 min. 
* Anions not previously determined by Kincaid 
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However, with conductivity detection, the analysis of cations was only achieved. 
In the method with the switching valves, the simultaneous analysis of anions and 
cations was achieved with UV detection. A run time of 30 min. was obtained and in a 
comparison with the previous method, improved peak shapes were achieved. Detection 
limits in the range 0.01-0.4 pg ml-' and 0.09-7.1 pg ml-' were obtained with UV and 
conductivity detection respectively. The method incorporating the switching valves was 
successfully applied to the simultaneous determination of anions and cations in river, 
pond and tap water.['] 
A suppressed conductimetric method was also developed for the simultaneous 
determination of common inorganic anions, calcium and magnesium, by anion 
exchange chromatography. Using this method their determination was achieved in a run 
time of 20 min., and was applied to the analysis of drinking water samples. Limits of 
detection (1,OD) in the range 8-40 ng ml-' were obtained.l6] A liquid chromatography 
method was developed for the analysis of 11 organic acids, such as oxalic, lactic and 
maleic acid, in dairy products with a reduced run time of 18 min. achieved when 
compared to previous literature methods.['] 
CE has recently been developed as an alternative method for the analysis 
 anion^.[^-^" It is an ideal method for the determination of anions because of its high 
separation efficiency, low material and sample consumption and short analysis times. 
However, there are drawbacks in the application of CE, such as poor injection 
reproducibility and 
Most anions exhibit a very weak absorbance in the UV region, i .e. ,  they do not 
possess a chromophore. As a result, indirect UV detection was the mode of detection 
employed. Indirect W detection was first introduced for the analysis of inorganic 
anions by Jones and ~andik.[ '~- '~ '  The electrophoretic mobility of the probe ion should 
approximately match the mobilities of the sample ions as closely as possible, to avoid 
fronting or tailing in the sample peaks as the discrepancy in the mobilities becomes 
larger.[15] Fig. 3.3 represents an illustration of the electrophoretic mobility of some UV 
absorbing anions and analyte anions. 
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Figure 3.3 Represent&.on of the electrophoretic mobilities of some W absorbing anions and 
ma&e arzi~nd'~' 
3.1.1 Choice of probe ion 
Chromate is a highly chromophoric species, and is an ideal background 
electrolyte (BGE), resulting in fast (< 5 min.) and efficient (600,000 plates m") 
separations.r'7~'81 An alternative probe, pyridinedicarboxylic acid (PDCA), has been 
employed for the simultaneous determination of inorganic anions, organic acids and 
metal cations, with highly reproducible separations achieved in less than 15 ~nin.,['~] and 
for the analysis of organic acids in waste waters.P01 PDCA has also been employed in 
the simultaneous determination of anions, organic and amino acids, nucleotides and 
carbohydrates with LOD's in the range of 6-12 pg ml-' obtained.P1J21 
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A method was successfully developed for the simultaneous determination of 
both organic and inorganic anions in rainwater, using molybdate as the BGE. A run 
time of 7 min., which was a reduction of 8 min. from the developed IC method, was 
achieved. Detection limits in the ng ml-' range were obtained and the CE method 
developed was applied to the analysis of rainwater samples.r231 Recently, a new 
counterion buffered molybdate electrolyte was developed for the quantitative 
determination of up to eight anions, such as chloride, sulphate and succinate, with 
detection limits in the range of 0.17 pg m1.l-0.51 pg ml-' achieved.[241 The analysis of 
organic acids in plant samples has also been reported using phthalate as the BGE with 
LOD of 0.008-0.08 pg ml-I achieved.[251 In a comparison with IC, the CE separation of 
17 acids was obtained within 3.2 min., whereas with IC, the separation was obtained in 
30 min."6' 
The probe, pyromellitic acid (PMA), was utilised for the quantification of anions 
in environmental water samples with limits of quantification (LOQ) between 0.02-0.1 
pg ml-I achieved [271 and also for the determination of anions in atmospheric aerosols.[281 
A cationic probe, imidazole, was employed for the successful separation of 16 metal 
ions, with high separation efficiencies achieved (650,000 plates m-1).[291 Imidazole has 
also recently been applied to the indirect determination of cations, with its counter ion 
employed for the simultaneous separation of high mobility cations and anions.[301 
In the analysis of anions, the probe ion employed must have a high a molar 
absorptivity to enable their indirect detection. As the analyte anion passes through the 
detector, the response is generated as a decrease in absorbance, in relation to the BGE. 
Chromate is suited to the analysis of high mobility anions, such as chloride and nitrate, 
whereas phthalate has a lower mobility and is therefore more suited to the analysis of 
low migrating anions, e g. phosphate and fluoride as shown in Fig. 3.3.['51 In order to 
enable the rapid simultaneous determination of high and low mobility anions, chromate 
was chosen as the probe ion. It is a suitable probe ion choice and has been widely 
employed for the indirect UV determination of anions in liquor samples [I8] and was 
also applied to the analysis of anions with a run time of 2.5 min. and LOD's in the range 
of 0.09-0.12 pg ml-' Chromate has also been employed for the analysis of 
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trace inorganic anions, such as chloride, nitrate and bromide, in geological samples with 
the separation achieved in less than 6 rnin.P21 
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3.2 SCOPE OF RESEARCH 
This chapter illustrates the development of a CE method for the simultaneous 
determination of some inorganic and acidic anions that may be present in cyanoacrylate 
adhesives, with indirect W detection using chromate as BGE. Following optimisation 
of the separation conditions, such as electrolyte and surfactant concentrations, the 
method was applied to the analysis of cyanoacrylate adhesives, and enabled the 
monitoring of their production process. The CE method developed was compared with 
ion chromatography for the separation of the same analytes, to demonstrate the 
advantages over IC for the analysis of cyanoacrylate adhesives. 
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3.3 MATERIALS AND METHODS 
3.3.1 Instrumentation 
3.3.1.1 Capillary electrophoresis separations 
All separations were performed on Beckman PIACE MDQ instrument 
(Fullerton, CA), equipped with a UV absorbance detector. Polyimide-coated fused silica 
capillaries of 50 ym internal diameter (i.d.) were employed. The effective length of the 
capillary utilised was 0.50 m, with a total length of 0.56 m (Composite Metal Services 
Ltd., England). All sample analyses were carried out using indirect UV detection at 254 
nm with a deuterium lamp. Sample introduction was performed hydrodynamically (0.5 
psi) for 5 s. Data analysis was performed using Beckman (version 3.4) s o h a r e .  
Separations were performed with reverse polarity at -10 kV and the temperature 
maintained at 25 OC. 
3.3.1.2 Ion Chromatography separations 
The Ion Chromatographic instrumentation consisted of a Dionex eluant degas 
module with a Dionex gradient pump, an IonPac AS1 I anion separator column (250 x 4 
mm I.D.), an IonPac ATC-1 Anion Trap Column, an IonPac AGI 1 guard column (4 
mm) and a Dionex ASRS-ULTRA regenerating suppressor (4 mm). Detection was 
supplied by a Dionex Conductivity Detector CD20. The Rheodyne injection loop was 
10 pl. All samples were analysed in triplicate with a flow rate of 2 ml min-I. 
3.3.2 Chemicals 
Chloroform (HPLC grade) was purchased fiom Labscan Ltd. (Dublin, Ireland). 
All other chemicals were of reagent grade. Sodium chromate (30,7831), sodium 
hydroxide (48,0878, NaOH), chloroacetic acid (C-0266), citric acid (25,1275), 
cetyltrimethylammoniiun bromide (85,5820, CTAB), tetradecyl&imethyl ammonium 
bromide (86,0425, TTAB), didodecylammonium bromide (35,9025, DDAB), N-tris 
[Hydroxymethyl]methyl-3amino-propane sulphonic acid (T-5130, TAPS), Trizma 
hydrochloride (T-3253), Trizma base (T-1503), sodium sulphate (23,9313), sodium 
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3.3.3.3 Preparation of IC eluent 
A sodium hydroxide gradient eluent was employed, utilising concentratio~ls of 5 
mM and 50 mM. 
3.3.3.4 Preparation of stock solufioas and standards 
A stock (1000 yg ml-') solution of each anion was prepared using deionised 
water, from which standards of known concentration were obtained, by dilution of the 
stock with deionised water. 
3.3.3.5 Quantification ofAnalytes in the Adhesive Sample 
The quantification of analytes in the adhesive samples was carried out using 
both analyte spiking and the internal standard method. A range of standards, composed 
of different anion concentrations, were prepared and analysed by CE and IC in 
triplicate. 
3.3.3.6 Adhesive sample preparation 
A 1 g quantity of the adhesive sample was dissolved in 20 ml chloroform and 10 
ml of an aqueous internal standard was added. The CE internal standard employed was 
chloroacetic acid (pH= 3.5, 50 pg ml-') and for IC was citric acid (pH=3, 1200 yg ml-I). 
The solution was mixed thoroughly and left to stand to allow complete separation of the 
two layers ( i  e. the aqueous and organic layers). The upper aqueous layer was removed 
and filtered through a 0.45 pm swinny filter (Gelman Nylon Acrodisc, 4438) prior to 
analysis by CE. Three replicate extractions and a blank were performed for each sample 
and the % recovery of each extraction was obtained. 
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3.4 RESULTS AND DISCUSSION 
3.4.1 Development of CE separation 
As discussed in Section 3.1, the analysis of high mobility anions, such as 
chloride and sulphate, is widely reported employing chromate as the probe ion.[32,331 
Whereas phthalate has a lower mobility and is therefore more suited to the analysis of 
low migrating anions, e.g. phosphate and fluoride.["] In this work, the rapid 
simultaneous determination of high and low mobility anions, with improved run times 
when compared to IC was required. Chromate is a suitable probe ion and has been 
regularly utilised for the indirect UV determination of 
Initially the optimisation of the separation of the five inorganic anions, in their 
order of migration, chloride, sulphate, nitrate, fluoride and phosphate was performed. 
The results are shown in Fig. 3.4. The separation efficiency values calculated were 
greatest at the lower voltage of -10 kV, and are plotted in Fig 3.5. However, the 
increased separation efficiency does not suggest an improved separation and at this low 
voltage the analysis time is longer. A separation voltage of -15 kV was employed and at 
this voltage, baseline resolution was obtained for all analytes, as shown in Fig 3.4. 
The method shown in Fig. 3.4 was applied to the simultaneous separation of the 
five inorganic and also the acidic anions, formic acid, MSA, cyanoacetic acid, 
methacrylic acid and DEP and inorganic anions, Fig. 3.6. 
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Migrat~on time (min) 
Figure 3.4 Optzmised CE separation for the analysis of the inorganic anzons (I) chloride, (2) 
sulphate, (3) nitrate, (4)fluoride and (5) phosphate. All standards were I00 pg mt'. Separation 
voltage -15 kV, pressure injection 0 5 psi / 5 s, with indirect Wdetection at 254 nm. BGE. I 0  
mM chromate, 1 mM CTAB, pH 8 0. Effective capillay length 0 50 m 
Figure 3.5 Graphical illustrations of the separation eflciencies calculated for chloride, 
sulphate, nitrate andfluoride. All operating conditions as zn Fig. 3.4 
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The order of migration was determined to be chloride, sulphate, nitrate, fluoride, 
formic acid, phosphate, MSA, cyanoacetic acid, methacrylic acid and DEP, as 
illustrated in Fig. 3.6. As fluoride and formic acid migrated at very similar times, a 
resolution value of 0.2 was achieved. In order to impcove the resolution between these 
analytes, several separation parameters were altered, Section 3.4.2. 
Migration time (min) 
Figure 3.6 CE separation for the analysrs of (1) chloride, (2) sulphate, (3) nitrate, (4)fluoride, 
(5) formic acid, (6) phosphate, (7) MSA, (8) cyanoacetic acid, (9) methacrylrc acid and (10) 
DEP. All standards were 100 pg nzt'. Separatron voltage -15 kV, pressure injection 0 5psi  / 5  s, 
with indirect W detection at 254 nm. BGE: 10 mM chromate, 1 mM CTAB, pH 8.0. Effective 
caprllmy length 0.50 m 
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3.4.2 Optimisation of separation 
3.4.2.1 Effect of injection pressure and time 
Samples were introduced by pressure injection. This mode of injection is more 
precise than electrokinetic injection, as electrokinetic sample introduction is dependent 
upon the EOF and also the electrophoretic mobilities of the a n a ~ ~ t e s . ' ~ ~ ~  Whereas, for 
pressure injection the conditions are dependent upon the capillary dimensions, the 
viscosity of the electrolyte and the applied pressure and time. 
The volume of sample injected onto the capillary was determined using the 
Hagen-Poiseuille Equation (Eqn. 3.1). With pressure injection, nanolitre (nl) levels of 
sample are introduced. The volumes injected for the various injection parameters are 
shown in Table 3.1. 
APD 4 z t  v = 
128 V L  Eqn. 3.1 
Where: V - volume injected (nl) - 
A P  = pressure drop (Pa) 
D -  internal diameter of the capillary (cm) 
t - injection time (s) 
5' - viscosity of the electrolyte (Pa s) 
L = total capillary length (cm) 
At both the higher levels of pressure and time, the calculated volume of sample 
injected was larger; Table 3.1; however, the separation efficiencies calculated were less 
than those at the reduced values, and are plotted in Fig.'s 3.7 and 3.8. Therefore, 
samples were introduced by applying a pressure of 0.5 psi and 5 s. 
- Chloride 
- Sulphate 
Figure 3.7 Graphical illustrations of the changing separation e8ciencie.s for chloride, and 
sulphate. Unless stated otherwise all operating conditions as in Fig. 3.4 
- Fluoride 
- Phosphate 
. 
0 
0.5 psilb 0.5 psillOs 1 psiI5s 
Figure 3.8 Graphical illustrations of the changing separation eficiencies for fluoride and 
phosphate. Unless stated otherwise all operating conditions as in Fig. 3.4 
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Table 3.1 Volume (no injected for varying times and pressure, where 77 = 0.88 Pa s (water 
value at 25 C, where 3.48 n 10 ' P a  = 0.5psi and 6.89 x 10 Pa= I psi, calculated using the 
Hagen-Porseurlle Equatzon 
3.4.2.2 Electrolyte pH 
In CE separations, the EOF is advantageous; however, in many cases it needs to 
be controlled. Significant changes occur by altering the pH of the electrolyte. Any 
changes in pH will influence the effective charge and mobility and therefore selectivity 
of the ar~alytes.[~~' 
The effect of varying the pH in the range 7.8-8.5 was studied. Precipitation of 
chromate electrolytes occurs in the presence of an EOF modifier, e.g. CTAB at pH 
levels less than 8.0.[~~'  This can result in inaccurate absorbance, but also results in the 
blockage of the capillary rendering it useless for further analysis. Increase of the pH, 
even by a factor of 0.2, can reverse the precipitation that occurs, and therefore render 
the chromate solution useful as a BGE.[~~] At pH 7.8 the chromate precipitated out of 
solution and results were only obtained at pH values of 8.0, 8.2 and 8.5. A pH value of 
8.5 was chosen as this resulted in the optimum resolution of all analytes, such as an 
increase from 1.33 at pH 8.0 to 1.89 at pH 8.5 between chloride and sulphate peaks. The 
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resolution calculated between fluoride and formic acid had also increased slightly, from 
0.29 at pH 8.0 to 0.33 at pH 8.5. 
-1000 I 
2 3 4 5 6 7 8 
Migration time (min) 
Figure 3.9 Effect ofpH on the separatzon of (1) chloride, (2) sulphate, (3) nitrate, (4)jluoride, 
(5) formic acid and (6) phosphate. All standards were I00 pg ml-'. Unless stated otherwise, all 
operating conditions as m Fig. 3.4, indirect W detection at 254 nm. Effective capillary length 
0.50 m. The pH 8 2 and 8.5 electropherograms are offset by 1000 and 2000 mAU respectrvely 
3.4.2.3 Electrolyte concentration 
The useful electrolyte concentration range is limited by a number of factors, 
namely the capillary length and diameter and the applied electric field.[381 A number of 
papers have been published describing the effect of chromate concentration on anion 
selectivity. [13,39,401 
In this work the chromate concentration was varied between 5 and 15 mM. At 
high concentrations of electrolyte high currents are generated and Joule heating results. 
Excessive Joule heating affects both the resolution and analyte stability. Joule heating 
may be limited by either reducing the internal diameter of the capillary, lengthening the 
capillary or decreasing the concentration of the electrolyte.[381 In order to determine the 
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maximum voltage at which Joule heating was not excessive and at which the separation 
could occur, Ohm's Law plots were performed for the different concentrations of 
chromate, such as that shown in Fig. 3.15. From the resolution and separation 
efficiencies (330,000 plates m-') calculated, 15 rnM was chosen as the chromate 
concentration employed, as illustrated in Fig. 3.10 and Table 3.2. 
4 6 8 10 12 14 16 
Concentration (mM) 
Figure 3.10 Graphical rllustrations of the changing resolutrons calculated at various electrolyte 
concentrations, where RI corresponds to the resolutzon calculated between chloride and 
sulphate, RZ is the resolution calculated between sulphate and nrtrate, R3 is the resolution 
calculated between fluoride and formrc acrd and~R, is the resolution calculated between formrc 
acid andphosphate. Unless stated othenvrse all operating conditions as in Frg. 3.4, and BGE at 
pH 8 5 wrth 1 mM CTAB 
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Table 3.2 Separation efficienczes (N/m) calculated at various chromate concentrations and % 
Relative Standard Deviation values ("XRSD) for migration time, where n = 3 and total length = 
0.58m. All operating conditions as in Fzg. 3 4 
At the higher concentration of chromate, the %RSD values calculated were 
found to be less than those at the lower concentration of 5 mM, as shown in Table 3.2. 
Also, the resolution values had increased slightly for the higher concentration, due to 
the increased current generated. Any differences in migration times were due to changes 
in EOF caused by the variation of the electrolyte concentration. 
Nitrate 
3.4.4.4 Electrolyte surfactant composition and concentration 
In order to reverse the EOF, surfactants, such as TTAB, DDAB and CTAB, 
were added to the electrolyte. A combination of TTAB and DDAB was employed; [41,421 
however, the system peak induced by bromide interfered with the sulphate 
determination and nitrate and fluoride were co-migrating. The results from this 
investigation are shown in Fig.'s 3.1 1 and 3.12. 
62,016 6.6 168,849 6.2 
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Figure 3.11 Effect of surfactant composition on the separation of (I) chloride, (2) sulphate, (3) 
nitrate, (4) fluoride and (5) phosphate All standards were 100 pg mrnT1. Separation voltage -1 0 
kx pressure injection 0 5psi / 5  s, with indirect UVdetection at 254 nm. BGE: 5 mMchrornate, 
2.35 mM TTAB, 2.65 mMDDAB, pH 8.5. Effective capillary length 0.50 m 
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-5 1000 - 
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Figure 3.12 Effect of surfactant composrtion on the separation of ( I )  chloride, (2) sulphate, (3) 
nitrate, (4)fluoride and (5) phosphate. All standards were 100 pg mmfl. Separation voliage -10 
kV, pressure injection 0.5psi / 5  s, with indirect Wdetection at 254 nm. BGE: 5 mMchromate, 
5 mM TTAB, I mMDDAB, pH9.0 Effective capillary length 0 50 m 
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A bromide peak was also expected from the surfactant CTAB and in order to 
determine this, bromide and CTAB were injected individually. A peak from bromide 
was observed at 4.1 min., and a bromide peak was detected at the same migration time 
when CTAB was injected. When the electrolyte containing CTAB and chromate at pH 
8.5 was injected, no bromide peak was observed. Ten successive injections of the 
electrolyte also showed no peak for bromide. In order to investigate this further, an 
electrolyte containing a lower concentration of chromate (10 mM) with CTAB, was 
injected and a bromide peak at 4.1 min. was detected in the analysis of anions, as shown 
in Fig. 3.6. Therefore, it was clear from these investigations, that the appearance of a 
bromide peak was dependent upon the concentration of the electrolyte. As a result, it 
was determined that this surfactant (CTAB) was a suitable choice for the analysis of the 
anions present in cyanoacrylate adhesives as no bromide interference was observed 
when the electrolyte containing 15 mM chromate was employed. 
Below its critical micelle concentration (CMC), CTAB adheres to the wall of the 
capillary through ionic interactions and therefore changes the EOF. At concentrations 
above the CMC, the separation mechanism is altered and results in micellar 
electrokinetic chromatography (MEKC). In a direct comparison of CZE with MEKC, 
the surfactant was added at concentrations above and below its CMC, as shown in Fig. 
3.13. The CMC of CTAB is 1.3 m ~ . ' ~ ~ ]  At the lower concentration of 1 mM both 
sulphate and nitrate and fluoride and phosphate co-migrated, as illustrated in Fig. 3.13. 
At 1.5 mM CTAB, baseline resolution was not achieved between either fluoride and 
formic acid and formic acid and phosphate. From these investigations, a surfactant 
concentration of 1 mM resulted in the optimum separation. 
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.5 mM CTAB 
mM CTAB 
3 4 5 6 7 
Migrat~on time (min) 
Figure 3.13 Eflect of CTAB concentration on the separatzon of (1) chloride, (2) sulphate, (3) 
nitrate, (4)Jluoride, (5) formic acid and (6) phosphate. All standards were 100 pg mmt'. Unless 
stated otherwise, all operating conditions as in Fig. 3.4, with indirect W detectzon at 254 nm. 
ESfezve capillary length 0 50 m. BGE. 15 mM chromate at pH 8.5. The 1 5  mM CTAB 
electropherogram is offset by 1000 mAu 
3.4.2.5 Development of chromate-based buffered electrolytes 
As previously stated in Section 3.4.2.2, the EOF is advantageous in CE 
separations; however, in most cases it needs to be controlled. Significant changes occur 
by altering the pH of the electrolyte. One method of controlling the pH of the electrolyte 
is the addition of a buffer to the electrolyte system. Two chromate-based buffered 
electrolyte systems were investigated, namely TAPS and Tris, and results are illustrated 
in Fig. 3.14. 
In the study with a TAPS buffer, ('K, 8.51) system peaks were obtained (6.4 
min., and 8.2 min.) during the analysis, which interfered with the analytes of interest. 
When buffering chromate with Tris (pK, 8.06) the co-migration of sulphate and nitrate 
occurred, and at lower voltages (-8 kV), the separation of these anions was not 
achieved, Fig. 3.14. There are alternative methods for the buffering of electrolytes in 
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indirect detection, e.g the incorporation of a lower mobility probe ion or a counterion in 
the BGE. However, there are disadvantages too in the application of these approaches, 
such as the introduction of system peaks and poor peak shape.[371 Therefore, as the 
buffering of chromate resulted in either the development of system peaks or additional 
co-migrating peaks, an unbuffered electrolyte was employed. The pH of the electrolyte 
was adjusted to 8.5 with 1 mM H2S04. In order to prevent any instability of the 
electrolyte, the latter was changed regularly during analysis (after six separations), and 
most importantly the electrolyte was prepared daily to prevent changes in pH. Any 
changes in migration times were due to differences in EOF caused by the variation of 
the buffer in the electrolyte. 
Migration time (min) 
Figure 3.14 An rnvestigation of chromate-based electrolytes buffered wzth either 0.01M TAPS 
or 0 05 M Tris for the separation of (I) chloride, (2) sulphate, (3) nrtrate, (4) fluoride, (5) 
formic acid, (6) phosphate, (7) MSA, (8) cyanoacetic acid, (9) methacrylic acid and (10) DEP. 
All standards were 100 pg mmt'. Separation voltage -10 kV, pressure injection 0.5psi / 5 s, with 
indirect W detection at 254 nm. BGE: 15 mM chromate, 1 mM CTAB at pH 8.5. Efective 
capillary length 0.50 m 
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3.4.2.6 Effect of separation voltage 
The optimum separation voltage for the analysis of the inorganic and acidic 
anions, was determined using an Ohm's Law plot, as described by Nelson et al., with 
the electrolyte conditions of 15 mM chromate, 1 mM CTAB at a pH value of 8.5, as 
shown in Fig. 3 . 1 5 . ~ ~ ~ '  
From the Ohm's Law plot it was evident that a linear relationship between 
current and voltage existed and that the analysis could be performed at separation 
voltages as high as -27.5 kV. However, at this high voltage an increase in EOF and ion 
mobility occurred which may lead to band broadening. 
0 5 I 0  15 20 25 30 35 
Voltage (kV) 
Figure 3.15 Ohm's Law plot for 15 mMchromate, 1 mMCTAB andpH8.5 
The separation voltage of -10 kV was employed, from the resolution and 
separation efficiency values calculated, as plotted in Fig.'s 3.16 and 3.17. At -6 kV, 
greater resolution between fluoride and formic acid was obtained; however, the run time 
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was excessively long and separation voltage of -10 kV was employed for subsequent 
optimisation, Fig. 3.23. Also, at -6 kV, the resolution calculated between chloride and 
sulphate (R1) was reduced. This was not expected and was probably due to tailing of the 
chloride peak. 
Figure 3.16 Graphical illustrations of the resolution values calculated at various separation 
voltages Resolut~on asszgnments as in Fig. 3.10 Unless stated otherwzse, all operating 
conditions as in Fig. 3.4 and BGE: 15 mM chromate at pH 8.5 
5 
4 - 
2 
Y 3 -  
0 
.- 
.,-. 
s 
-
2 
CK 
1 - 
0 
- R1 /-'---= 
\
4 6 8 10 12 14 16 
Voltage (kV) 
Chapter 3, Development and Applicatron ... .. ., 
Voltage (kV) 
Figure 3.17 Graphical illustration of the variation wrth voltage of resolution calculated 
between jluorzde and formic acid Unless stated otherwise, all operating conditions as in Fig. 
3.4 and BGE. 15 mMchromate atpH 8.5 
3.4.2.7 Effect of separation temperature 
It is possible to control the temperature at which a separation occurs on all 
commercial instruments. At elevated temperatures, the pH and viscosity of the 
electrolyte will change. If the viscosity of the electrolyte has changed this may 
effectively lead to errors in quantification of the analytes due to variable injection 
volumes. Also, at high temperatures the conductivity of the electrolyte increases, which 
results in a rise in current and a further increase in temperature.[351 
An increase in temperature may also result in a reduction of the total analysis 
times and may lead to a decrease in resolution, as shown in Fig.'s 3.1 8-3.20. 
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10000 
Migration time (min) 
Figure 3.18 Effect of operating temperature on the separation of chloride, sulphate, nitrate, 
fluorrde, formic acrd, phosphate, MSA, cyanoacetic acid, chloroacetic acid, methacrylrc acid 
and DEP at d~xerent separation temperatures. All standards were 50 pg mt'. Separation 
voltage -10 kV, pressure rnjection 0.5 psi / 5 s with indirect W detection at 254 nm. BGE. 15 
mM chromate, I mM CTAB at pH 8.5. Effective capillary length 0.50 m. The 25 a~ and 35 "C 
electropherograms are offset by I000 and 2000 mAUrespectrve~ 
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Temperature (OC) 
Figure 3.19 Graphrcal illustration of the changing resolution values at various separation 
temperatures. Resolutron assignments as in Fig. 3.10. Unless stated otherwzse, all operating 
conditions as in Fig. 3. I8 
From Fig. 3.19, it was evident that there was a significant decrease in resolution 
between sulphate and nitrate (R2) h m  25 'C to 35 "C. The resolution was greatest 
between sulphate and nitrate at 20 "C; however, this increase at this separation 
temperature was only evident for these analyte anions, as illustrated in Fig.'s 3.19 and 
3.20. 
The electrophoretic mobility (p,) of a charged species is dependent upon the 
mobility of the analyte and the EOF. It was calculated, at different separation 
temperatures, as shown in Fig.'s 3.21 and 3.22, using Equation 3.2. It should be noted 
that pe will be negative for anions as the capillary electrophoresis system is under 
reverse polarity control, i.e., the detector is at the anode and the analytes migrate against 
the EOF. It was evident that from 20 "C to 35 "C there was a significant increase in the 
mobilities calculated for chloride, sulphate, fluoride and formic acid, as plotted in Fig.'s 
3.21 and 3.22 at 25 "C. 
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Temperature ( O C )  
Figure 3.20 Graphical illustration of the changing resolution values between fluoride and 
formic acid at various separatron temperatures. Unless stated otherwise, all operating 
conditions as in Fig 3.18 
Where: I & =  PC + PEOF 
f - migration time (s) 
E - electric field 
1 - effective capillary length (cm) 
L = total capillary length (cm) 
V - applied voltage (V) 
Eqn. 3.2 
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- Chloride 
- Sulphate 
- Nitrate 
-5.0 J 
18 20 22 24 26 28 30 32 34 36 
Temperature (OC) 
Figure 3.21 Electrophoretic mobilities (A em / VS) calculated for chlorzde, sulphate and 
nztrate at different separation voltages, where ,LLEO~ = electrophoretic mobility of the internal 
standard. Unless stated otherwise, all operating conditions as in Fig. 3.18 
d - Formic acid 
Temperature (OC) 
Figure 3.22 Electrophoretic mobilities (pa em / Vs) calculated forJluoride and formic acid at 
dzyerent separation voltages, where ,LLEO.G = electrophoretic mobility of the internal standard 
Unless stated otherwise, all operating conditzons as in Flg. 3 18 
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The mobility calculated for nitrate was greatest at 20 "C; however, taking into 
account the increased resolutions obtained and the increase in mobility of all the other 
anions at 25 "C, this was employed as the operating temperature. The effective 
mobilities calculated also confirmed the order of migration of the analytes under 
investigation. 
3.4.3 Optimum separation conditions 
From the investigation carried out for the separation of the acidic and inorganic 
anions the optimum conditions determined were 15 mM chromate, 1 mM CTAB, at pH 
8.5. All separations were performed at -10 kV separation voltage, a pressure injection of 
0.5 psi/ 5 s, a separation temperature of 25 "C with indirect detection of 254 nm, as 
shown in Fig. 3.23. Following optimisation of the separation, the quantification of the 
analytes was performed using the internal standard method, Section 3.4.4. 
Migration time (min) 
Figure 3.23 Optimum CE separation for the analysis of (I)  chloride, (2) sulphate, (3) nitrate, 
(4)fluoride, (5) formic acid, (6) phosphate, (7) MSA, (8) cyanoacetic acid, (9) methacrylic acid 
and (10) DEP All standards were 100 pg mt'. Separation voltage -10 kV, pressure injection 
0.5 psi/5 s, with indirect detection 254 nm. BGE 15 mM chromate, 1 mM CTAB, pH 8 5 
Effective capillary length 0.50 m 
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3.4.4 Quantification of the Analytes 
3.4.1.1 Internal Standard Method 
The quantification of the anions in the samples was performed using the internal 
standard method. Peak identification was performed by peak spiking. The use of an 
internal standard involves adding a fixed amount of a known substance to all standard 
samples before analysis. The internal standard must be similar to the analyte, to ensure 
that it suffers similar losses during the process. It also must be completely resolved from 
the other components present in the sample. When using an internal standard, 
quantification is achieved by taking the ratio of the analyte peak areas to internal 
standard peak areas and plotting this against standard analyte concentration. Taking the 
ratio compensates for any variation in conditions as both the analyte and internal 
standard will be similarly affected. The use of an internal standard eliminates all 
injection volume-related sources of error and results in improved precision.[441 
Previously, oxalic acid was employed as the internal standard; [21 however, as 
this co-migrated with nitrate an alternative internal standard was required. Based on pK, 
values, chloroacetic acid was utilised as the internal standard, Table 3.3. The order of 
migration is also illustrated in Table 3.3, and from this it was found that as the 
molecular weight is increased, so too is the migration time. The charge on the anion also 
affects the migration time. Sulphate and chloroacetic acid have similar molecular 
weights; however, sulphate migrates over 2 min. earlier due to its charge of -2. Using 
chloroacetic acid, calibration plots of all ten anions were obtained. The calibration plots 
for chloride and DEP are shown in Fig. 3.24. From the R~ values it was evident that the 
inorganic anion, chloride, was more stable than the acidic anion, DEP, as illustrated in 
Fig. 3.24. All ten anions showed a linear response with increasing concentration, i.e., all 
R~ values were greater than 0.97, with the exception of DEP. Therefore this method was 
suitable for their quantification. The R' value for DEP at 0.9576 was significantly lower 
than the R2 values for chloride and sulphate. The purity level of DEP employed in these 
investigations was 98%, and in order to improve its R2 value a higher grade was 
employed (99%). However, this increased level of purity did not significantly enhance 
either the separation or its linearity. The LOD's and LOQ's for all analytes were 
obtained at a signal to noise ratio of 3:1, as shown in Table 3.7. 
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Table 3.3 The mrgration order, pK, values, charge and molecular we~ght for all 11 analytes 
analysedr"' 
N~trate 
Fluoride 
Formic acid 
Phosphate 
MSA 
- ~ 
Cyanoacetic acid 
Chloroacetic acid 
Methacrylic acid 
DEP 
2-4 
2.66 
3.75 
6.82 
1.92 
2.47 
2.87 
4.66 
6.8-12.5 
-1 
-1 
-1 
-3 
-1 
-1 
-1 
- 1 
-1 
62 
19 
46 
94 
80 
85 
94.5 
76 
153 
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Figure 3.24 Calibration plots for chloride (2-100 pg mt', @ 0.9989) and DEP (15-70 pg mm~', 
R' 0 9576) with chloroacetic acid (50 pg mt') as the internal standard 
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An electropherograrn of the separation of all analytes with the internal standard, 
using the optimised separation conditions is shown in Fig. 3.25. 
-2000 i 
2 4 6 8 10 12 14 
Migration time (min) 
Figure 3.25 Optrmised CE separation, with internal standard, for the analysrs of (I) chloride, 
(2) sulphate, (3) nitrate, (4))fluovide, (5) formic acid, (6) phosphate, (7) MSA, (8) cyanoacetic 
acid, (9) chloroacetzc acid, internal standard (50 pg mmt'), (1 0) methaciylic acid and (11) DEP 
All standards were 100 pg mmT'. Separation voltage -10 kV; pressure znjection 0 5 psi / 5 s with 
indirect W detection at 254 nm BGE: 15 mM chromate, 1 mM CTAB at pH 8.5. Separalion 
temperature 25 -C. EEfSective capzllary length 0.50 m 
3.4.5 Limits of detection (LOD) and quantification (LOQ) 
The limit of detection (LOD) is described as the minimum mass or concentration 
of an analyte that can be detected at a suitable signal to noise ratio. The limit of 
quantification (LOQ) is defined as the lowest level at which an acceptable level of 
accuracy is achieved for the measured ana~yte.[~'] 
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The LOD's and LOQ's were calculated from the blank plus three times the 
standard deviation and the blank plus ten times the standard deviation respectively, 
Table 3.7 in Section 3.4.7. 
The CE method developed was applied to the simultaneous determination of 
these inorganic and acidic anions, which may be present at different stages of the ethyl 
cyanoacrylate production process, as discussed in Section 3.4.6. 
3.4.6 Application of CE method to Cyanoacrylate adhesives 
The aim of the CE method development was ultimately the application to the 
determination of inorganic and acidic anions that may be present during the production 
process of cyanoacrylate adhesives. Sample preparation was performed using liquid- 
liquid extraction (LLE), which is based upon the transfer of solutes from one liquid 
phase, the aqueous phase, to another liquid phase, organic phase. The % recovery of 
chloroacetic acid for each sample analysis in the region 80-90%, were obtained, as 
illustrated in Table 3.4. 
The aqueous phase employed was the internal standard, chloroacetic acid. The 
pH of the aqueous phase will affect the extraction. However, the pH employed was 3.5, 
which was above its pK, of 2.87.[451 At this pH, chloroacetic acid was present, and 
therefore, the % recoveries were not affected by the pH. An additional pH of 6.5 was 
also investigated to establish if pH affected the % recovery. As expected no change in % 
recovery was obtained at pH 6.5 compared with pH 3.5. Chloroform was employed as 
the organic phase, as this enabled the full dissolution of the adhesive sample. 
Samples from the ethyl cyanoacrylate process, at different stages of production 
were analysed, as shown in Table 3.5. Samples were taken from the crude monomer, 
which on distillation produces the pure monomer and the residue remaining from the 
distillation was also analysed, as illustrated in Fig. 3.1. All samples investigated were 
from the same batch. 
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Table 3.4 The % recoveries obtained for analysis of e t b l  cyanoacrylate adhesive samples. 
Operatrng conditrons as in Fig. 3.2~''~ 
Table 3.5 Samples analysed for the ethyl cyanoacrylate production process 
Crude monomer 
Ethyl Cyanoacrylate 
Dist~llation res~due 
Pure monomer 
Crude monomer 
D~stillation residue 
Pure monomer 
84.7 
89.0 
1.3 
1.4 
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3.4.6.1 Ethyl Cyanoacrylate Adhesive Samples 
As described in Section 3.4.6, the samples were analysed from three different 
stages of the production process, i.e., a crude monomer sample, a distillation residue 
sample and a pure monomer sample. The distillation of the crude monomer is a 
purification process that removes any impurities and results in the production of the 
pure monomer. The three electropherograms in Fig. 3.26 illustrate the difference both 
quantitatively and qualitatively between the three stages of the production process. 
It was expected that the crude monomer sample would contain higher quantities 
of the analytes, as this stage is prior to the purification step. The pure monomer sample, 
as the sample which undergoes purification was expected to contain lower levels of 
these analytes. The concentrations of the analytes determined and the various analytes 
present within the samples are illustrated in Table 3.6 and Fig. 3.28. 
---- Pure Monomer 
Migration time (mln) 
Figure 3.26 Analysis of ethyl cyanoacrylate adhesive samples at dzrerent stages of the 
production process with the optimised CE method The components have been identijed as 
follows (I) chlorrde, (2) sulphate, (3) MSA, (4) chloroacetic acid, internal standard, (5) 
cyanoacetic acid (in crude monomer analysis only) and (6) DEP. The distillation residue and 
pure monomer electropherograms are offset by I000 and 2000 mAU respectively. AA operating 
conditions as in Figure 3.25, indirect Wdetectzon at 254 nm. Effective capillary length 0.50 m 
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The concentrations of the analytes in the crude monomer sample were expected 
to be present at a higher level than those in the pure monomer sample, as the pure 
monomer was subjected to a distillation process. This was evident in the determination 
of the chloride concentration, as it has decreased from 26.1 pg ml-' in the crude 
monomer to 2.1 pg ml-' in the pure monomer sample. However, the concentrations 
determined for sulphate were found to be at a similar level for both monomers, as 
shown in Table 3.6. This illustrates the limitations of the purification process as the 
concentration was expected to be reduced. Also, as the pure monomer sample undergoes 
a purification step, the sample contains less analytes (both DEP and cyanoacetic acid 
were not present in the pure monomer sample, Fig. 3.26) and the absorbance response 
was lower for this sample. 
For the pure monomer sample it was only possible to determine the analyte 
MSA qualitatively. This was due to the poor stability of both the MSA standard and the 
cyanoacrylate adhesive sample. It was initially thought that this peak was due to PTSA, 
and when spiked with this analyte there was an increase in both peak area and height. 
However, the same occurred when the sample was spiked with a standard of known 
concentration of MSA. To determine whether the standards were co-migrating they 
were analysed individually and with the internal standard, as shown in Fig 3.27. From 
this, it was evident that PTSA and MSA did not co-migrate; however, when analysed 
with the sample they were co-migrating. As a result, the analysis of the pure monomer 
samples was also performed at a lower voltage (-5 kV). Nevertheless, at this low 
voltage, the analytes were still co-migrating. From discussions with the suppliers of the 
adhesive samples, they were confident that this peak was due to the presence of MSA 
and not PTSA. It was not expected that PTSA would be present at this stage of the 
production process as PTSA was not present in the crude monomer sample. Therefore, 
the peak was identified as MSA and could not be quantified. Due to the problems with 
the identity of this peak, further identification would benefit in the future fiom mass 
spectral analysis. A schematic showing the concentrations of analyte anions present 
during various stages of the production process is illustrated in Fig. 3.28. 
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Table 3.6 The concentrations of the analytes determinedfor the various stages of the production 
process for ethyl cyanoaciylate adhesive samples 
Distillation residue 
Pure Monomer 
Crude Monomer 
Distillation residue 
Pure Monomer 
Crude Monomer 
Distillation residue 
Crude Monomer 
Distillation res~due 
Pure Monomer 
Crude Monomer 
Distillation residue 
Pure Monomer 
Cyanoacetic acid 
DEP 
None detected 
None detected 
> I00 
> I00 
None detected 
NIA 
NIA 
NIA 
NIA 
NIA 
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Figure 3.27 CE separation of (1) PTSA standard (80 pg mtl), (2) MSA standard (50 pg rnrnT1) 
and the internal standard (3) chloroacetic acid (50 pg mtl). All operating conditions as in 
Figure 3.25 wrth indirect Wdetection at 254 nrn. Effective capillary length 0.50 m 
Pure Monomer 
Chloride, sulphate, 
vessel Chlor~de, sulphate, chloride: 
MSA, cyanoacetic acnd 2.1 -t 0.1 pg ml" 
I and DEP t Concentrat~on of chloride: 26.1 * 2.3 pg ml-' 
Crack residue 
Dlstillat~on residue 
Chloride, sulphate, MSA 
and DEP 
Concentration of chloride: 
25.7 * 1.5 pg mrl 
Figure 3.28 Schernatrc of the production process for ethyl cyanoacrylate adhesives, showing the 
dzfferent analytes found to be present and the concentration of chloride m each stage of the 
production process 
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3.4.7 Ion Chromatography (IC) Comparison 
The CE method developed was compared with IC, the separation technique 
traditionally employed for the analysis of anions.[6a461 For IC analysis, the method 
traditionally employed for the analysis of anions, the internal standard employed was 
citric acid. For analysis by CE, citric acid could not be utilised as its mobility was not 
suitably matched by the electrolyte and it therefore co-migrated with some analytes. 
However, for IC determination, it was an ideal choice for internal standard, as it did not 
co-elute with any of the analytes of interest. The IC gradient method is shown in 
Appendix I b. 
The precision and repeatability of the method were demonstrated through the 
investigation of parameters, such as migration time and peak height. Table 3.7 
demonstrates the high separation efficiency obtained with the CE method. It was 
apparent from these results that high separation efficiencies, with reduced error, were 
achieved with the developed CE method. Table 3.7 also shows the detection limits, 
calculated at a S/N = 3, and the linear ranges, for all analytes by CE and 1C literature 
values. The linear ranges are comparable for both CE and IC. The LOD's determined by 
the IC method were lower than those obtained by the developed CE method."] This was 
expccted, as indirect UV detection suffers from poor sensitivity due to its high 
background noise and as a result exhibits a limited dynamic range.14" However, the 
detection limits obtained by CE were capable of determining the typical concentration 
ranges of anions found in the cyanoacrylate adhesives. 
9 
a 
Table 3.7 The separation eflcclencies (NJ calculated for the capillary electrophoresis analyses and a comparison ofthe lrnear range and LODS 2 
calculatedfor the analytes present in cyanoacrylate adhesives by CE and IC. All operating conditions as in Fig. 3.23 
Sulfate 
N~trate 
Fluoride a 
Formic acid 
Phosphate 
0-100 
0-100 
0-20 
NIA 
0-20 
305,255 
168,849 
NIA 
NIA 
57,654 
0.01 
0.006 
0.008 
NIA 
0.03 
2.6 
1.7 
NIA 
NIA 
1.8 
6-100 
6-100 
5-100 
5-100 
20-100 
4.6 * 0.6 
2.6 * 0.3 
0.8 0.1 
1.8 + 0.5 
2.5 + 0.7 
All IC results reproduced from reference 16] 
Table reproduced from reference ['I 
" Analytes co-migrate in CZE 
a Analytes co-elute in IC 
Cyanoacet~c acidb . 
Methacrylic acldb 
D E P ~  
307,096 
250,243 
222,81'8 
2.57 
4.75 
3 42 
8-100 
5-100 
15-120 ' 
2.4 + 0.5 
0.7*0.1 
3.4 + 0.8 
NIA 
NIA 
NIA 
NIA 
NIA 
NIA 
Chapter 3, Development and Application .. .. . .. 
An IC separation for the analysis of a standard analyte mixture by IC is 
represented in Fig. 3.29, showing the order of elution. The order of elution was 
determined to be DEP, fluoride, DEP and formic acid, MSA, cyanoacetic acid and 
methacrylic acid, chloride, nitrate, PTSA, sulphate, phosphate and the internal standard, 
citric acid. It was evident from Fig. 3.29, that the order of elution differed from CE, due 
to the different separation principles, and that some of the analytes co-eluted, e.g. 
cyanoacetic acid and methacrylic acid. The analytes which co-elute are identified in Fig. 
3.29. In CE analysis only two analytes co-migrate, fluoride and formic acid. Also, the 
total length of analysis with CE was significantly less, namely 23 min. with CE and 45 
min with IC. 
I I 
0 5 10 15 20 25 
Elution time (min) 
Figure 3.29 IC separation wrth conductometric detection for the analysis of DEP (50 pg mm~'), 
jluoride (I0 pg mm), ( I )  DEP and formic acid (50 pg mf), MSA (10 pg mt'), (2) cyanoacetic 
acid (50 pg m ~ ' )  and methacrylic acrd (80 pg mtl), chloride (30 pg mt1), nitrate (50 pg mt'), 
PTSA (80 pg mmt') sulphate (30 pg mm~'), phosphate (25 pg mtl), citric acid, internal standard 
(SO pg m~t'). Operating conditions as illustrated in Appendix l b  
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Chapter Four 
An Investigation of the Stability of Cyanoacrylate 
Adhesive Samples Using the Developed CE method 
Chapter 4, An Investzgation of the stability ... . ... 
4.1 INTRODUCTION 
In Chapter 3, a Capillary Electrophoresis (CE) method was developed for the 
simultaneous determination of some anions present in cyanoacrylate adhesives. 
Cyanoacrylate adhesives are defmed as substances which are capable of forming and 
maintaining a bond between two surfaces. They are single component, instant bonding 
adhesives that cure at ambient temperatures to form strong bonds between surfaces by 
addition polymerisation initiated by adsorbed water.[" Cyanoacrylate adhesives were 
first discovered by H. W. Coover, at Eastman in the 1950s, with ethyl cyanoacrylate 
being one of the monomers under investigation. In 1958, Eastman Kodak produced its 
first commercially available cyanoacrylate adhesive under the name Eastman 910.[~] 
Cyanoacrylate adhesives initially had limited success. This was attributed 
primarily to two factors. Firstly, they were unstable during manufacture and storage; 
and secondly, consumers were slow to recognise the advantages of these adhesives. 
These problems were addressed in the 1970s with the introduction of new 
manufacturers into the market and rapid growth resulted.[31 Due to their properties, 
cyanoacrylates may be used in a wide range of industries. They are widely used in the 
automative and electronics industry and also in household appliances. Cyanoacrylates 
also have applications in medicine and dentistry.[41 
In this chapter, the trace acid profile of cyanoacrylate adhesives was investigated 
using the developed CE method. Preparation of the adhesive samples was performed 
using liquid-liquid extraction (LLE). 
4.1.1 Cure Chemistry of Cyanoacrylate Adhesives 
Cyanoacrylate adhesives consist of a mixture of the following elements: 
monomers, initiators, accelerators and inhibitors / stabilisers. They also contain some 
performance enhancing components such as modifiers, plasticisers, fillers and 
thickeners. The monomer is normally the principal component in the mixture and forms 
the backbone of the resulting polymer. An initiator will start the reaction, which forms 
the polymer, i.e., "curing" reaction. Accelerators and inhibitors are used to control the 
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curing rate. An accelerator, will as its name suggests, speed up the curing process, while 
an inhibitor will stop the curing reaction completely. 
Monomers in cyanoacrylate adhesive formulations are classified according to 
their odour; either high or low. Low odour monomers are less volatile but more 
expensive. Examples of low odour monomers include P-methoxyethyl cyanoacrylate 
and P-ethoxyethyl cyanoacrylate. However, due to their faster cure profile and lower 
costs the more volatile (hence higher odour) esters such as methyl and ethyl 
cyanoacrylate are the most widely used.r51 
As cyanoacrylates consist mainly of the monofunctional monomer, (Fig. 4.1), 
they are able to homopolymerise rapidly at room temperature and do not require large 
amounts of co- reactant^.'^] 
Figure 4.1 The strucmre of a cyanoacrylate monomer, where R denotes an alkyl group, for 
example methyl, ethyl or butylf61 
Cyanoacrylates are known to cure either by a free radical or an anionic 
mechanism; however, the latter mechanism has attracted more attention due to the ease 
of initiation and the rapid rates of polymerisation that occur.[41 The reactivity of 
cyanoacrylates is caused by the presence of the cyano and carbonyl groups, two strong 
electron-withdrawing groups, on the a-carbon atom. This leaves the C=C double bond 
vulnerable to attack by weak bases (e.g. water). This mechanism is initiated by the 
presence of a weak base, on the surface of the materials being bonded.16] The cure 
process for the anionic polymerisation of cyanoacrylates consists of three steps, 
initiation of the reaction, propagation and termination as shown in Fig. 4.2. 
~ - 
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Step I :  Initiation 
Step 2. Propagation 
Step 3: Termination 
Figure 4.2 The cure mechanism for cyanoaciylate adhesivesf*' 
Generally, any anion present on the surface of the substrate can act as an 
initiator for polymerisation. Epoxides and secondary and tertiary amines have been used 
as cure initiators for cyanoacrylate adhesives.[21 
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The rate of reaction can be terminated either by chain transfer or the addition of 
a strong acid. In chain transfer the polymer chain attacks another species to form an 
inert polymer and a new anion, which will initiate the growth of a new polymer chain. 
The addition of a strong acidic gas (e.g SO3, BF3) will complex the anion and slow 
down or terminate the polymerisation.[61 These acidic gases can also be employed as 
inhibitors, in order to improve the stability of the cyanoacrylate adhesives during 
storage. Alternative non-volatile acidic inhibitors, such as benzene sulphonic acid or p- 
toluene sulphonic acid ip-TSA, Fig. 4.3), have also been employed. 
Figure 4.3 Structure of organic acid mhibitorp-TSA 
The curing process for cyanoacrylates can be accelerated by the addition of 
crown ethers, oligomers of poly (ethylene) oxide or prodands.[71 Accelerators do not 
affect the overall stability of cyanoacrylate adhesives. At low temperatures, the 
humidity is decreased, which reduces the amount of water available for the cure process 
and therefore reduces the curing rate. In order to improve the curing rate, accelerators 
such as crown ethers may be added. The addition of crown ethers increases the amount 
of water available and therefore the rate of cure is enhanced.[61 
Other components present in cyanoacrylates include modifiers, which are added 
to adhesives in order to obtain the desired physical property and appearance required. 
Some examples of modifiers are tougheners and plasticisers. Tougheners are added to 
enhance the resistance and strength of adhesives, whilst plasticisers (e.g. aliphatic 
diesters and alkyl phthalates), reduce brittleness.[61 As cyanoacrylate adhesives consist 
of numerous components, both a sensitive and selective method for their analysis is 
required. 
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A flow chart, Fig. 3.1, illustrating the cyanoacrylate production process is shown 
in Chapter 3. In Figure 4.4 the production process for cyanoacrylate adhesives is shown 
in greater detail. The condensation of the alkyl cyanoacetate with formaldehyde, results 
in a prepolymer that by heating is depolymerised into a liquid monomer, (crude 
monomer). For the reaction to occur smoothly, the base catalyst is removed by the 
addition of appropriate acids (e.g. phosphoric acid, sulphuric acid). The crude monomer 
undergoes a purification process, i,e. a distillation, whereby impurity anions will be 
removed. This distillation results in the formation of a pure monomer. Upon exposure to 
air, the pure monomer cures and forms strong bonds between surfaces by the addition 
polymerisation initiated by adsorbed water. The addition of a free radical inhibitor, e g. 
hydroquinone, prevents the monomer undergoing a free radical polymerisation during 
storage. 
0 
I 1 Condensation 
NC -CH2 PC- OR + HO - C H 2 0 - H  D 
Base e g. 
Cyanoacetate Formaldehyde piperidme 
where R denotes an alkyl 
group (e g. methyl, butyl) 
Hf-cH2-qH 150-20OoC * CH,=C /cN \ - 
CO,R D~stillation C02R CO,R Depolymerisation 
n 
Prepolymer where n = 5 - 6 Crude monomer 
Pure monomer + Glutarate residue 
Figure 4.4 Schematic of the cyanoacrylate manufacturingprocess 
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As previously discussed in Chapter 3, a wide range of inorganic and acidic 
anions may be present at different stages of the production process, such as sulphate, 
nitrate and formic acid. In order to maintain the quality of the product, a sensitive and 
selective method for their quantification is required. 
CE has recently emerged as a powerful analytical separation technique for the 
determination of small charged species, such as inorganic anions and organic acids [8-121 
due to its low sample consumption and rapid and highly efficient separations. In 
Chapter 3, a suitable sensitive and selective CE method was developed for the 
quantification of inorganic and acidic anions at different stages of their production 
process. This method is also suited to the analysis in the P-methoxyethyl cyanoacrylate 
adhesives production process. 
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4.2 SCOPE OF RESEARCH 
The analysis of P-methoxyethyl cyanoacrylate adhesives, at different stages of 
their production process (i e. crude monomer, distillation residue and pure monomer 
samples) was performed using the developed CE method. Sample pre-treatment was 
performed using LLE with chloroform. The solubility of the adhesives was investigated 
using various organic solvents, e g hexane, dichloromethane, and chloroform and the 
optimum sample preparation method was determined. The trace acid profile of the 
cyanoacrylate adhesive was investigated using the optimised CE method from Chapter 
3. 
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4.3 MATERIALS AND METHODS 
4.3.1 Instrumentation 
4.3.1.1 Capillary electrophoresis separations 
Capillary electrophoresis separations were performed as described in Chapter 3 
in Section 3.3.3.1. 
4.3.2 Chemicals 
Chloroform (650471, Chromasolv grade) was purchased from Sigma Aldrich 
(Dublin, Ireland). High Performance Liquid Chromatography (HPLC) grade chloroform 
was obtained from Labscan Ltd. (Dublin, Ireland). All other chemicals were of reagent 
grade and as described in Chapter 3 in Section 3.3.2. Cyanoacrylate adhesive samples 
were obtained from Henkel Technologies (Irl.) Ltd. 
4.3.3 Procedures 
4.3.3.1 CE Background electrolyte (BGE) preparation 
Electrolytes were prepared using deionised water. All electrolyte solutions 
consisted of a sodium chromate electrolyte and an electroosmotic flow (EOF) modifier. 
A stock solution of 50 rnM sodium chromate was prepared, from which a 15 mM 
sodium chromate solution was obtained by dilution of the stock with deionised water. 
The EOF modifier employed was cetyltrimethylammonium bromide (CTAB). A 
concentration of 1 mM CTAB was prepared by dilution of a stock solution with 
deionised water. The pH of the unbuffered electrolyte was adjusted to 8.5 using 1 mM 
sulphuric acid (H2S04). The BGE consisted of 15 mM chromate, 1 mM CTAB at pH 
8.5. All electrolyte solutions were filtered with 0.45 pm swinny filter (Gelman Nylon 
Acrodisc, 4438) prior to use. 
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4.3.3.2 Preconditioning of the CE separation capillary 
Separation capillaries were preconditioned as described in Chapter 2 in Section 
2.3.3.3. 
4,3.3.3 Quantification of Analytes in the Adhesive Sample 
The quantification of analytes in the adhesive samples was performed as 
described in Chapter 3 in Section 3.3.3.5. 
4.3.3.4 Adhesive sample preparation 
Adhesive samples were prepared as described in Chapter 3 in Section 3.3.3.6. 
using HPLC and Chromasolv grade chloroform. 
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4.4 RESULTS AND DISCUSSION 
In this investigation, the analysis of P-methoxyethyl cyanoacrylate adhesives 
was performed using a developed CE method.['31 Samples were taken from the crude 
monomer, which on distillation produces the pure monomer and the residue remaining 
from the distillation was also analysed, as shown in Fig. 3.1. In the crude monomer 
sample, the analytes determined were chloride, sulphate, methyl sulphonic acid (MSA), 
cyanoacetic acid and di(methoxyethy1)phosphate (DMEP). The same analytes were 
present in the distillation residue. In the pure monomer sample the presence of chloride, 
sulphate, formic acid, cyanoacetic acid and MSA was determined. The 
electropherograms obtained are shown in Fig.'s 4.5-4.7. The % recovery of chloroacetic 
acid (internal standard) for each sample analysis was obtained and determined to be in 
the region 77-84%, as shown in Table 4.1. 
The quantification of the anions in the samples was performed using both the 
internal standard method and by peak spiking as described in Section 3.4.4 in Chapter 3, 
using the developed CE method. The concentrations of the analytes determined and the 
various analytes present within the samples are presented in Table 4.2. 
4.4.1 Sample preparation procedure 
The anions expected to be present in the adhesive sample include chloride, 
sulphate and cyanoacetic acid. In order to quantify these anions using CE the adhesive 
sample must he present as an aqueous solution. Therefore, a sample pre-treatment 
process was required. In this study sample pre-treatment was performed by LLE. LLE is 
one of the most extensively studied sample preparation techniques due to its simplicity 
and convenience. In LLE, sample constituents are extracted into an aqueous phase from 
a water-immiscible organic phase. Organic solvents employed include diethyl ether, 
hexane and chloroform.['41 In this study, for the analysis of adhesives, LLE was 
performed using chloroform as the organic phase and the internal standard, chloroacetic 
acid as the aqueous layer. A blank LLE extraction, i.e. of chloroacetic acid, was 
performed in triplicate and from a known standard the % recovery of chloroacetic acid 
for each sample analysis was obtained, and are shown in Table 4.1. 
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Table 4.1 The % recoveries and % Relative Standard Deviation values (%RSD) obtained for 
analysis of Pmethoxyethyl cyanoacrylate adhesives. Operating conditions as in Fig. 4.5 
Crude monomer 
Distillation res~due 
Pure monomer 
Triplicate LLE's were carried out for each sample. Once extracted e'ach sample 
was analysed in triplicate by CE. Typical electropherograms of P-methoxyethyl 
cyanoacrylate adhesive samples are illustrated in Fig.'s 4.5-4.7. The distillation of the 
crude monomer is a purification process that removes any impurities and results in the 
production of the pure monomer. 
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Table 4.2 The concentrations of the analytes determined for the various stages of the production 
process for Pmethoxyethyl cyanoacrylate adheslve samples 
a Not quantified by CE 
Distillation residue 
Distillation residue 
Pure monomer 
Crude monomer 
Distillation residue Cyanoacetic acid None detected 
Pure monomer 
Crude monomer 
Dist~llation residue 
Pure monomer 
DMEP 
None detected 
> I00 
> 100 
None detected 
NIA 
N/A 
NIA 
NIA 
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The concentrations of the analytes chloride, sulphate and DMEP, in the crude 
monomer sample were expected to be present at a higher level than those in the pure 
monomer sample, as shown in Table 4.2. This is because the crude monomer sample 
was prior to the distillation stage, i e , the purification of the sample. As the pure 
monomer was subjected to a distillation, the sample contained less analytes (DMEP not 
present in pure monomer), and the absorbance response was lower for this sample, as 
illustrated in Fig. 4.7 and Table 4.2. 
Migrat~on time (min) 
Figure 4.5 CE analysis of a J-methovetlyl crude monomer. The components have been 
identified as follows (I) chloride, (2) sulphate, (3) MSA, (4) cyanoacetic acid, (5) chloroacetic 
acid, internal standard and (6) DMEP Separation voltage -10 kK pressure injection 0.5psz / 5  
s, with mdzrect W detection at 254 nm. BGE. 15 mM chromate, 1 mM CTAB at pH 8.5. 
Separatzon temperature 25 2. EEffective capillary length 0.50 m 
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The concentration of chloride in the crude monomer sample was determined to 
be 31.3 pg ml-' whereas in the pure monomer sample this was reduced to 9.4 pg ml-'. 
There was a decrease, too in the amount of sulphate determined in the crude monomer 
sample to the final pure monomer sample, i.e , a reduction of 49% from the crude 
monomer sample to the pure monomer sample. This demonstrates the effectiveness of 
the manufacturing method in the removal of impurities from the adhesive. 
-1 000 
0 2 4 6 8 10 12 14 
Migration time (min) 
Figure 4.6 CE analysis of a J-methoxyethyl distillation residue. The components have been 
identijied as follows ( I )  chloride, (2) sulphate, (3) MSA, (4) unidentijiedpeak, (5) chloroacetic 
acrd, internal standard, (6) DMEP and (7) unidentz9ed peak. All operating condztions as m 
Figure 4.5, indirect Wdetectzon at 254 nm Effectrve capillary length 0.50 m 
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0 2 4 6 8 10 12 14 
Migration time (min) 
Figure 4.7 CE analysis of a J-methoxyethyl pure monomer. The components have been 
identczd as follows (I) chloride, (2) sdphate, (3) formic acid, (4) MSA, (5) cyanoacetic acid 
and (6) chloroacetic acid, internal standard All operating conditions as in Figure 4.5, indirect 
Wdetection at 254 nm. Efective capillary length 0.50 m 
4.4.2 Chloride determination 
The presence of chloride in the sample was initially thought to be due an artefact 
of sample pre-treatment. In order to investigate this, a range of solvents were employed 
to dissolve the cyanoacrylate sample, such as hexane, dichloromethane and toluene. 
However, none of these solvents provided satisfactory extractions and chloroform was 
employed for all extractions, as this was the only solvent, which enabled the full 
dissolution of the adhesives. 
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The analysis of the adhesives was also performed using a higher grade of 
chloroform, (Chromasolv), and the % recoveries obtained for both grades of chloroform 
were comparable, 73-85%, with slightly reduced %RSD values obtained with HPLC 
chloroform, Table 4.3. 
Table 4.3 The % recoverzes obtained for analysis of Pmethoxyethyl cyanoaciylate adhesives 
using Chromasolv chloroform Operating conditions as in Fzg 4 5 
The influence of Chromasolv chloroform on the concentration of chloride in the 
adhesive samples was also investigated, as shown in Table 4.4. A decreased quantity of 
chloride was determined with the higher grade of chloroform for the distillation residue 
and crude monomer samples, with no chloride detected in the pure monomer sample. 
For the distillation residue sample, this was as a direct result of a reduced % recovery, 
with a higher %RSD obtained with Chromasolv chloroform than the % recovery 
obtained with the HPLC grade. It can also be concluded that the reduced quantity of 
chloride in the sample was due to the increased quality of chloroform in the sample pre- 
treatment. 
Crude monomer 
Distillation residue 
Pure monomer 
73.4 
73.2 
85.7 
4.9 
5.2 
2 6 
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Table 4.4 Chloride concentrations determined for thep-methoxyethyl cyanoacrylcte distillation 
residue with HPLC and Chromasolv grade chloroform. Operating conditions as in Fig. 4.5 
Crude monomer 
Distillat~on residue 49.8 + 4.7 
Pure monomer None detected 
4.4.3 Stability of cyanoacrylate adhesives 
The stability of the adhesive samples was investigated over a three-year period 
using CE. As previously stated, CE is an ideal method for the analysis of anions due to 
its low sample consumption and its rapid and highly efficient separations.[151 Fig.'s 4.8- 
4.10 illustrate the trace acid profiles obtained for the analysis of the P-methoxyethyl 
cyanoacrylate adhesive samples within this time frame. The acid profiles from year 1 
and year 2 are similar and therefore the profilesfrom year 1 and year 3 are shown in 
Fig.'s 4.8-4.10. From this it was apparent that firstly, the concentration of the analytes 
decreased from the first year of analysis, for example in the crude monomer sample, the 
concentration of sulphate decreased from 44.6 pg ml-' in year 1, to 12 pg ml-' in the 
final year. It was also evident that there were extra unidentified peaks in the 
electropherograms, and that some analytes had been eliminated from the final year 
analysis, such as chloride, sulphate and cyanoacetic acid, in the crude and pure 
monomer samples. This suggests that the adhesive sample had destabilised over time, 
possibly due to the addition of the process acids during the production. Therefore, this 
illustrates that the methoxyethyl adhesive samples were stable over a two-year period, 
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after which degradation of the sample occurred. From Fig. 4.10, it was found that the 
acid MSA was generated over time. This was expected as the acid MSA is a by-product 
of extended storage over time. 
Migration time (min) 
Figure 4.8 P-methogethyl cyanoactylate crude monomer stabilzty over a three year period. The 
components have been ident$ed as follows (I)  chloride, (2) sulphate, (3) unidentijiedpeak, (4) 
MSA, (5) cyanoacetic aczd, (6) chloroacetrc acid, znternal standard, (7) unidentifiedpeak, (8) 
unidentij?ed peak and (9) DMEP. The year 3 electropherogram 1s offset by 1000 mAU. All 
operating conditions as m Figure 4.5. Effective capillary length 0.50 m 
From these investigations it was found that, using CE, the efficiency of the 
manufacturing method in the removal of impurities from the adhesive could be 
monitored. The ability of CE to effectively monitor the cyanoacrylate production 
process was illustrated. Moreover, CE was shown to be suitable for the in-depth 
stability studies of the adhesives in question. 
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4000 1 
-1000 1 
2 4 6 8 10 12 14 
Migration time (min) 
Figure 4.9 P-methoxyethyl cyanoacrylate distillation resrdue stabrlity over a three-year period. 
The components have been identified as follows (I)  chloride, (2) sulphate, (3) MSA, (4) 
unidentified peak, (5) unrdentijied peak, (6) chloroacetic acid, internal standard (7) 
unzdentrjed peak, (8) DMEP and (9) unrdentijiedpeak. The year 3 electropherogram is ofsei 
by 1000 m4U. All operating conditions as in Figure 4.5. Efective capillary length 0.50 m 
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2 4 6 8 10 12 14 
Migration time (min) 
Figure 4.10 ~methoxyethyl cyrmoaoylate pwe monomer stability over a three-year period 
2% components have been ident$ed as follows (I) chloride, (2) sulphate, (3) formic acid, (4) 
MYA, (5) cyanoacetic acid, and (6) chloroacetic acid, internal standard. The year 3 
elecfropherogram is offset by 750 mAU AN operating conditions as in Figure 4.5. Efective 
capillary length 0.50 m 
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4.5 CONCLUSION 
A simple and reproducible sample preparation method was developed and 
successfully applied to the analysis of cyanoacrylate adhesives. Chloroform was 
determined to be the optimum solvent for their extraction as it enabled full dissolution 
of the sample. A comparison was made between two grades of chloroform, HPLC and 
Chromasolv, and the optimum method developed with HPLC grade resulted in 
decreased % RSD values, 4 %  and large % recoveries, 77-84%. The presence of 
chloride in the pure monomer sample was determined to be an artefact of the sample 
preparation procedure. The relationship between the type and concentration of the trace 
acids present in the cyanoacrylate adhesive and the stability and performance attributes 
of the adhesive was monitored. Samples were shown to be stable for 2 years, after 
which degradation occurred. This investigation illustrated the capability of CE as a 
powerful alternative for the simultaneous analysis of inorganic and acidic anions in a 
cyanoacrylate matrix. The efficiency of the production process was demonstrated and 
shows its effectiveness in the purification of the adhesivc samples. 
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Chapter Five 
Analysis of Anthracycline Antibiotics by CE and HPLC 
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5.1 INTRODUCTION 
From the previous chapters, the advantages and applicability of Capillary 
Electrophoresis (CE) were demonstrated for the analysis of industrial samples. The,CE 
method developed, with its high separation efficiencies and precision, illustrated its 
ability for the simultaneous analysis of inorganic and acidic anions in adhesive samples. 
Taking into account the advantages of CE and also its low solvent usage, the separation 
technique was applied to the analysis of another complex matrix, i.e., rat plasma. CE 
has been widely reported in the determination of pharmaceuticals in biological matrices, 
such as anthracyclines in plasma samples.['-41 Anthracyclines are antibiotics that are 
regularly used in the treatment of cancers, such as lung and ovarian cancers. 
Daunorubicin (DAN) and doxorubicin (DOX) were the fnst identified anthracyclines 
and are isolated from pigment producing Sfreptomyces species.[51 Due to the cardiotoxic 
nature of these anthracyclines, epirubicin (4'-epidoxorubicin) is one of a series of 
anthracyclines produced that has fewer side effects.[61 Epimbicin (EPI) differs from 
doxorubicin in the orientation of the 4'OH group, as shown in Fig. 5.1. 
RI R2 R3 Rq 
Daunorubicin OCH, H OH CH3 
Doxorubicin OCH~ H OH OH 
Epirubicin OCH? OH H OH 
. -. 
Figure 5.1 Structures ofthe anthracyclines, daunorubicin, doxorubicin and epirubicin 
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All anthracyclines have a tetracycline ring structure with an amino sugar group, 
daunosamine, attached by a glycosidic link. The anthracyclines have proton-accepting 
quinone carbonyl groups and proton donating phenolic groups on adjacent rings that 
allow them to behave as electron accepting and donating species.['] 
The chemotherapeutic activity of anthracyclines has been attributed to three 
functions. Firstly, binding to DeoxyriboNucleic Acid (DNA) through intercalation. 
DAN contains two electroactive sites; the aglycone moiety intercalates between the n: 
stacked base pairs of DNA and daunosamine binds to the major groove of the DNA 
double helix, stabilising the normally reversible topoisomerase I1 DNA complex. Fig. 
5.2 represents the DNA helical structure. As a result of intercalation, DAN forms strong 
bonds with DNA and hinders the synthesis of DNA.['] The intercalation of DOX has 
also been reported.[g1 
Minor 
Major 
groove 
Figure 5.2 Representation of the DNA double helical structure, with nstacked bases shown in 
grey and the sugar phosphate backbone m blue"o1 
Anthracyclines also bind to cell membranes, modifying their fluidity and ion 
transport.["] The cell is a highly functional unit whose membrane components have a 
number of functions. It is a highly protective functional unit, which regulates transport 
between the extracellular and intracellular layers. The survival of the cell is dependent 
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upon maintaining the difference between these two layers and any change, which alters 
the fluidity and ion transport of cell membranes, can be detrimental to the cell. Finally, 
the quinone structure is highly susceptible to generation via one-electron reduction of 
the semiquinone radical. This radical results in the production of oxygen radicals and 
hydrogen peroxide (H202), which are both cardiotoxic and may lead to cell death.["] 
DAN and DOX are both known to cause myelosuppression and cardiotoxicity, 
which is the dose limiting factor for these drugs.['31 There is an ongoing discussion 
about the best schedule for anthracyclines, as reduced acute cardiotoxicity was 
determined with prolonged infusions compared to bolus inje~tions.''~] The dose regimen 
of anthracyclines is dependant upon the age, size and gender of the patient. The 
potential for DOX cardiotoxicity is age related, md younger children are at a higher 
risk."51 DOX (40-50 mg mJ) was administered in combination with docetaxel (50-75 
mg m-2) to patients with breast cancer and resulted in an overall remission of 71-81%. 
The use of EPI in combination with docetaxel[I6] and also in combination with 
vinorelbine and 5-flu~rouracil~"~ was also reported in the treatment of breast cancer. 
The therapeutic concentrations of anthracyclines are in the range 5-50,000 ng ml-' and 
Fig. 5.3 illustrates a pharmacokinetic (PK) profile for DOX and its metabolites in 
p~asma.['81 
Both DAN and DOX are active against acute leukaemias; however, DOX has a 
wider range of activity against solid human tumours such as tumours of the breast, lung, 
ovary and bladder. It is most effective against soft-tissue sarcomas in DAN 
and DOX are administered intravenously and metabolised in the liver to their active 
metabolites daunorubicinol and doxor~bicinol.['~ 
EPI, meanwhile, possesses similar response rates to DOX in small cell lung and 
ovarian cancer. There are fewer incidences of cardiotoxicity associated with EPI and it 
is also less myelotoxic. It is also administered intravenously and is rapidly and 
extensively metabolised by the liver and red blood cells.['91 The cardiotoxicity of these 
drugs is related to the concentration of the dose administered and anthracycline induced 
cardiomyopathy is frequently irreversible and could potentially result in clinical 
congestive heart failure.[201 As a result, sensitive methods for their analysis, in different 
biological matrices, are required. 
Chapter 5, Analysis ofAnthracyclrnes . . . 
Figure 5.3 Pharmacokinetic profile of DOX and its metabolites doxorubicinol, 7- 
deoxydoxorubicinone and 7-deoxydoxorubicinolone ajler admznistration of DOX (50 mg m-3 as 
10 min. i n f i i ~ n s ~ ' ~ '  
The peak plasma concentrations of anthracyclines play an important role in their 
cardioto~ici t~. [~~ '  The anthracyclines, DAN, DOX and EPI, are highly protein bound in 
I 
plasma, (60-90%).[~'] Therefore, methods for the determination of the free chug and 
bound drug concentrations are required. Separation techniques, such as High 
Performance Liquid Chromatography (HPLC) and CE, have been used for protein 
binding studies, and also in drug stability and PK and metabolic studies. [14,22-241 I, thi S 
section, the analysis and separation of anthracyclines will be discussed in detail in 
Section 5.2 and alternative methods for their analysis will be also be outlined. 
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5.2 ANALYSIS OF ANTHRACYCLINES 
The determination of anthracycline antibiotics has been reported in the literature 
using both HPLC[~~-~ ' ]  and C E . [ ~ , ~ ~ ~ ~ ~ ~  DAN, DOX and EPI are most suited to analysis 
by fluorescence and electrochemical detection due to their native electroactive and 
fluorescent properties. [31-331 The HPLC methods of determination are discussed in 
Section 5.2.1. 
5.2.1 HPLC Analysis 
HPLC, coupled with electrochemical (EC), fluorescence and laser-induced 
fluorescence (LIF) is regularly employed for the detection of anthracyclines in 
biological The EC detection of anthracyclines was possible due to the 
presence of oxidisable (phenolic) and reducible (quinone) functional groups. In Section 
5.2.1.1, the determination of these anthracyclines with HPLC-EC detection is discussed 
in detail. 
5.2.1.1 HPLC-Electrochemical (HPLC-EC) detection 
The simultaneous separation of the anthracycline DAN from its metabolites (e.g. 
daunorubicinol and daunorubicin-aglycone) in human plasma was demonstrated by 
Akpofure et al., with electrochemical and fluorescence detection.[371 In this method, the 
separation of all analytes was achieved in less than 25 min., with DOX employed as the 
internal standard. HPLC coupled with EC detection was also applied for the separation 
of DOX from its metabolites and also DAN from its metabolites in plasma samples.[331 
From their detection limits, calculated as three times the noise level, this method was 
reported to be five times more sensitive than the previous method proposed by 
Akpofiue et al. [371 
The separation of six anthracycline antibiotics in plasma, was reported by Riley 
using a reversed-phase column.[311 For this method a short column was employed (7.5 
cm) which resulted in shorter analysis times (10 min.) and also improved sensitivity, 
with detection limits between 1 and 2 ng ml-' obtained. 
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More recently, Ricciarello et demonstrated the use of an amperometric- 
coulometric detection, with two working electrodes for the determination of EPI, DOX 
and their principal metabolites, as shown in Fig. 5.4. This method was applied to the 
analysis of EPI, with DOX as the internal standard, in human plasma. Quantitation 
limits, calculated at S/N =3, of 1 ng ml-' were obtained for all analytes under 
investigation. 
Figure 5.4 HPLC separation with EC detection of an extract of blankplasma containing (I) 12 
ng mt' of 13-S-dihydroepirubicin, (2) 40 ng m ~ '  of EPIand (3) 29.8 ng ml-' of D O X [ ~ ~ ]  
The methods of analysis discussed in Section 5.2.1.1 demonstrate the ability of 
electrochemical detection for the determination of anthracyclines in biological 
samples. t36,381 An alternative mode of detection employed for their analysis is 
fluorescence. Fluorescence detection is ideal as anthracyclines possess native 
fluorescent properties and therefore do not require derivatisation. HPLC coupled with 
fluorescence detection is discussed in Section 5.2.1.2. 
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5.2.1.2 HPLC-Fluorescence detection 
The analysis of anthracyclines and their metabolites in different biological 
matrices, such as plasma, [25,27,3942] serum,[43451 ~ r i n e [ ~ ~ , ~ ~ - ~ ~ ~  and murine specimens[511 
was performed by fluorescence detection. Fluorescence detection provides 1000 times 
more sensitivity than absorption spectroscopy and is ideally suited for the therapeutic 
monitoring of anthra~~clines.[~~,~~-~~] The first report of the analysis of DAN and its 
metabolite daunorubicinol in plasma was published by Hulhoven and Desager in 
1976.~'~~ In this method, their simultaneous separation and quantification was achieved 
by HPLC-fluorescence with detection limits of 10 ng ml-' obtained. The liquid 
chromatographic analysis of DOX and its metabolites in biological fluids was also 
achieved by Israel et al., with picomolar limits of detection (LOD) achieved[251 
Coupled-column liquid chromatography has also been applied to the analysis of EPI and 
its metabolites in plasma with an excitation and emission wavelengths of 445 nm and 
560 nm respectively, as illustrated in Fig. 5.5. The method developed was applied to the 
pharmacokinetic monitoring of EPI and its metabolites in biological samples, such as 
human plasma.[561 
A technique for the extraction of anthracyelines fkom biological fluids, which 
enabled their HPLC-fluorescence analysis, was developed by ~ o b e r t . ~ ~ ' ]  This extraction 
technique was applied to the analysis of both plasma and serum samples. A method was 
developed for the quantification of cellular concentrations of DOX, with good linearity 
and reproducibility obtained.[571 Fluorescence detection was also successfully applied to 
the analysis of DOX and its metabolites, in serum samples with detection limits in the 
ng ml -' range obtained,[431 in plasma[58-601 and in hospital samples.[611 
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Min Min 
Figure 5.5 HPLC separation with fluorescence detection for (A) EPI and its metabolites where, 
I = EPI (12.4 ng mt'), 2 - epirubicrnol(16.4 ng mtl), 3 = epirubicin aglycone (11.2 ng mtl), 4 
= eprrubicrnol aglycone (12.8 ng mtl), 5 = 7-deoq epirubicinol aglycone (16 0 ng mtl), (B) 
Patient's plasma 15 min. u3er chemoembolisation, concentrations are I = 40.6 ng mtl,  2 = 3.8 
ng mtl,  3 = 5.3 ng m ~ ' ,  4 = 2 8 ng mtl and 5 = 7.1 ng ml-' IJ6] 
The HPI,C fluorescence analysis of DOX and EPI and their respective 
metabolites was reported by Nicholls et ~ 7 1 . ~ ~ ~ '  This method enabled low LOD's in serum 
(1 ng ml-') and sample preparation was performed by SPE onto Cg Bond-Elut 
cartridges. The use of a microbore column for the analysis of DOX has been reported 
which allows for enhanced sensitivity and resolution and also results in reduced solvent 
consumption and waste generation as compared to conventional packed columns.[621 
The plasma concentrations of EPI and its metabolites were determined by HPLC 
coupled with fluorescence detection. The method developed was successfully applied to 
the analysis of human plasma samples taken during a 96 hour infusion of EPI in a 
patient with multiple myeloma.[631 Recently, a method was developed for the 
simultaneous analysis of DOX and its metabolite doxorubicinol in parrot plasma.[631 
Fluorescence detection was also was employed for the separation of DOX and DAN in 
urine with detection limits in the low picogram level obtained.["] 
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HPLC-fluorescence detection was also applied to the sensitive and selective 
analysis of DOX, pirarubicin and doxorubicinol in serum. Doxorubicinol is a major 
metabolite of DOX and as it also causes cardiotoxic effects, a method to detect both of 
these analytes was desired. Low LOD's (2 ng ml-') and limits of quantification (LOQ) 
(0.5 ng ml-I) were obtained.[651 Recently, a method was developed for the detection of 
EPI and epirubicinol in plasma and saliva.[61 
The analysis of anthracyclines has also been reported using ultra-violet (UV) 
and mass spectrometry (MS) detection, which are discussed in Sections 5.2.1.3 and 
5.2.1.4 respectively. 
5.2.1.3 HPLC-Ultra violet (HPLC-UY) detection 
A method was developed by Eksborg et aL, for the liquid chromatographic 
determination of DAN and daunorubicinol in plasma from leukaemic patients.[661 The 
separation of DAN and DOX from their respective metabolites was performed, 
incorporating sodium dodecyl sulphate (SDS) into the mobile phase.[671 The addition of 
SDS into the mobile phase enabled the separation of eight anthracycline derivatives, 
with improved resolutions, in an isocratic run. Recently, a HPLC method was developed 
for the simultaneous determination of seven anthracyclines, with high precision and 
1 [281 accuracy obtained. The detection limits determined were in the range 42-128 ng ml- . 
The determination of bound and free DOX in methacrylamide polymer-drug 
conjugates was performed by Configliacchi et al., incorporating a diode array 
detector.[681 Polymer-drug conjugates, which possess reduced toxicity and have 
improved availability at the tumour site, are at the forefront of cancer chemotherapy. 
Linearity of the method was achieved between 1 and 50 pg ml-' with detection limits of 
0.5 pg ml-' obtained. However, the LOD's obtained with UV detection do not represent 
the PK levels required for the analysis of DOX in plasma, Fig. 5.2. The LOD obtained 
from this method is sensitive to pg ml" concentration levels; however, this does not 
reflect the therapeutic concentrations (5-50,000 ng ml-') of these antibiotics in 
biological matrices. 
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Despite the limitations of UV detection, with respect to sensitivity, it has been 
regularly been applied to the analysis of anthracyclines in plasma,[691 spiked human 
plasma, l7O1 in blood and urine[711 and for hospital samples.[721 
5.2.1.. 4 HPLC Mass spectromeNy (HPLC-MS) detection 
The simultaneous analysis of the anthracyclines DAN, DOX, EPI and 
idarubicin, and their respective metabolites, in human serum, was performed using 
HPLC-electrospray mass spectrometry.[731 The compounds were detected in the selected 
ion monitoring mode, using for quantitation ions m/z 291 for idarubicin and 
idarubicinol, m/z 321 for DAN and daunorubicinol, m/z 361 for DOX and EPI and m/z 
363 for doxorubicinol. The anthracycline aclararubicin was employed as the internal 
standard, with m/z of 812, as shown in Fig. 5.6. Low LOD's were obtained (e.g 0.5 ng 
ml-' for DAN and 1 ng ml-' for DOX) and the developed method was successfully 
applied to the simultaneous separation of anthracyclines in serum. Recently, a liquid 
chromatography-tandem mass spectrometry method was developed for the trace 
determination of these anthracyclines in urine.[741 
Figure 5.6 Structure of the internal standard, ac~arubicm'~~~ 
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A liquid chromatography-tandem mass spectrometry (LC-MSIMS) method was 
developed to identify and quantify DOX in e.g., rat plasma. Low LOQ's of 1.44 ng ml-' 
were obtained and the method was linear over the PK relevant range (0.728-58,300 ng 
ml-1).1751 LC-MSIMS was also applied to the analysis of DAN in rat plasma[761, the 
determination of a prodrug and the active metabolites of D O X [ ~ ~ ]  and EPI in human 
plasmar781 with detection limits of 0.1 ng ml-' achieved. 
HPLC is the most prevalent method of analysis of anthracyclines. However, CE 
has recently been employed and offers advantages over the traditional chromatography , % 
methods, namely reduced sample volumes and waste and rapid separations. Their 
analysis by CE is discussed in Section 5.2.2 
5.2.2 CE Analysis 
The most common mode of detection for CE analysis of anthracyclines is 
fluorescence. As previously discussed in Section 5.2, the analysis of anthracyclines is 
ideally suited to fluorescence detection due to their native fluorescent properties and the 
sensitivity of fluorescence enables the therapeutic monitoring of  DAN,['^] DOX,['~] and 
EPI.['~] Recently, the analysis of anthracyclines by CE coupled with EC has been 
reported, which is discussed in Section 5.2.2.1. 
5.2.2.1 Capillary Electrophoresis-Electrochemical (CE-EC) detection 
During the extensive literature search for this study, the analysis of 
anthracyclines by CE-EC was only reported by one research group. In this paper the 
analysis of the anthracycline DAN by CE coupled with amperometric detection was 
reported.[291 A carbon disk electrode was used as the working electrode (WE), and the 
electrochemical behaviour of DAN was initially investigated by cyclic voltammetry 
(CV) in phosphate buffer solution (pH 7.8, 0.15 M). A typical CV of DAN is shown in 
Fig. 5.6. 
In buffer solution only, no anodic peak was observed; however, after the 
addition of DAN an anodic peak with a peak potential of 0.66 V was detected. This 
peak was attributed to the oxidation of the double phenolic groups (-OH) on DAN, as 
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illustrated in Fig. 5.1. From the hydrodynamic voltammogram of DAN, a peak potential 
of 0.95 V was employed as the detection potential for subsequent analysis.[291 
Figure 5.6 Cyclic voltammogram of DAN at carbon disk electrode in phosphate buffer (pH 7.8, 
0 15 M, WE) Reference Electrode (RE): Ag/AgCl (0 03 mM KCI), Auxihary Electrode (AE): 
platinum electrode. (A) Buffer solutzon and (B) 2 x 1 0.' M DAN Scan rate 0.1 v i' IZ9' 
The optimum separation conditions were determined to be 0.95 V detection 
potential, a separation voltage of 8 kV, electrokinetic sample introduction of 8 kV for 
10 s employing a phosphate buffer solution (pH 7.8, 0.15 M). A detection limit of 4.5 
pg ml-' was obtained and this method was successfully applied to the determination of 
DAN in human urine, without any sample modification.[291 
The application of Laser Induced Fluorescence (LIF) detection to the analysis of 
anthracyclines is discussed in Section 5.2.2.2. 
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5.2.2.2 Capillary Electrophoresis-Laser-Induced Fluorescence (CE-LIq detection 
The simultaneous separation of DAN, DOX and EPI in human plasma was 
obtained using CE-LIF detection with a phosphate buffer (100 mM, pH 4.2). An argon- 
ion excitation laser of 488 nm was employed. The buffer was modified with 70% 
acetonitrile (ACN), which decreases the interaction with the capillary wall and 
improved both the peak shape and resolution of DAN, DOX and EPI. The addition of 
ACN also decreased the conductivity of the buffer and therefore resulted in reduced 
heat generation inside the capillary. Detection limits of all three anthracyclines were 
reported in the range of 125 - 250 pg m ~ - ' . [ ~ ~ '  
The therapeutic monitoring of DAN, DOX, idarubicin and their metabolites was 
obtained by CE-LIF detection for their therapeutic monitoring in human plasma with 
LOQ of 2 ng rnl-' obtained.[s01 Based on work previously carried out by Hempel et 
al.,["] idarubicin was employed as the internal standard, as shown in Fig. 5.7. The 
method developed enabled the monitoring of DOX plasma levels for several days after 
dosing,[801 and in a recent method by Hempel et al., the quantification of DAN and 
daunorubicinol in plasma was developed, which enabled their accurate determination in 
-1 [I1 small sample volumes with concentrations as low as 2 ng ml . 
N H ~  
Figure 5.7Structure of the internal standard, idarubicin where RI is OH&nctional group "'' 
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Recently, the determination of free and liposomal associated DAN (daunoxome) 
in plasma was performed. Plasma samples were pre-treated by solid-phase extraction 
with Sep-Pak Cis cartridges. Low LOQ's were obtained (1 pg ml-') which is within the 
acceptable range for PK analysis of this drug.[821 In another application of LIF, the 
stability of DOX and idarubicin in heparin plasma and whole blood was performed and 
it was determined that DOX and idarubicin concentrations decrease rapidly with 
tirne.La31 
In a comparison of HPLC-LIF with CE-LIF, the latter was determined to be a 
more sensitive technique in the detection of DAN and enabled the monitoring of the 
kinetics of DAN release in Kaposi sarcoma.[21 The simultaneous separation of DOX, 
DAN and idarubicin was performed using a borate buffer which contained 30% ACN."' 
The presence of ACN in the buffer improved the separation and also helped decrease 
the conductivity of the buffer. This method was applied to the analysis of the three 
anthracyclines in serum samples, as shown in Fig. 5.8. Detection limits of less than 0.9 
ng ml-' were obtained. 
Intensity 
Figure 5.8 CE-LIF separation, excitation laser 488 nm, of a serum sample spiked with (1)- 
DAN(2)-idarubicin and (3)-DOX. (25 ng ml -3. Separation voltage 15 kV. Pressure injection 
(3.45 kPa/5-I5 s). Electrophoretic buffer 100 mM borate, pH9.5, 30% ACN Effective capillaiy 
length 0.5 m x 75 pm internal diameter (i d,). "I 
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MEKC and CEC have also been coupled with LIF for the detection and 
quantification of DOX in cell extracts, single cells, individual nuclei and plasma. [84-861 
The LOD's were in the zeptomole (lo-" mole) range that enabled the detection of a 
larger number of metabolites, which will aid in the identification of more efficient and 
less harmful chemotherapeutic agents. The fluorescence detection of DOX in plasma 
was also performed using pressurised capillary electrochromatography (CEC)[~'] with 
detection limits of 1.7 ng ml-' obtained.[871 
The application of UV detection to the analysis of anthracyclines is discussed in 
Section 5.2.2.3. W detection is a universal mode of detection and is regularly 
employed for method development. 
5.2.2.3 Capillay Electrophoresis-Ultra violet (CE-UV) detection 
In the search for literature for the analysis of anthracyclines by CE-UV only one 
paper was found. In the analysis of anthracyclines, W detection is primarily used for 
method development, due to the lack of sensitivity associated with it. However, 
sweeping techniques have been incorporated with UV, to further enhance the sensitivity 
of the separation.[881 
Using a sweeping preconcentration step, the anthracycline antibiotic DOX was 
analysed and quantified incorporating SDS in the buffer electrolyte. The sweeping step 
preconcentrates a long injected zone of cationic anthracyclines into a narrow zone of 
negatively charged SDS micelles. The application of this step reduced adsorption of the 
anthracyclines on the capillary wall, improved the reproducibility of the migration times 
and the sensitivity of detection. Under these conditions, positively charged 
anthracyclines migrate towards the zone of SDS micelles. On the boundary of these 
zones, anthracyclines are solubilised by SDS micelles and the analytes migrate in 
reverse polarity to the detector. As the sensitivity is enhanced, this method was 
successfully applied to the determination of therapeutic levels of DOX in real plasma 
samples. However, there were limitations with this method, which undermined its 
applicability as a practical CE method. This method did not allow for the simultaneous 
separation of DAN and DOX and an excessively large sample volume was required for 
analysis (approx. 10 p1).[881 
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5.2.2.4 Alternative methods of analysis 
The analysis of DOX hydrochloride by visible spectrophotometry has been 
reported using four sensitive visible spectrophotometric methods, e.g the first method 
was based upon the oxidation of the drug with Fe(II1) to produce Fe(I1). All of the 
methods developed resulted in concentration measurements, which were reproducible 
within a Relative Standard Deviation (RSD) of I%.['~] 
The fluorescence characteristics of DAN and DOX were investigated by 
Karukstis et al., in order to assess their distribution in cell membranes.[901 Fluorescence 
detection of DOX was also performed using a fibre optic based fluorescence 
and by excitation-emission matrix fluorescence and multi-way analysis.[921 With the 
fibre optic sensor, detection limits of 0.057 pg ml-' were obtained which were 
comparable with traditional fluorescence methods of analysis.[911 The feasibility of the 
quantitative determination of DOX by surface-enhanced Raman spectroscopy was 
performed by Loren et nl [931 This method has illustrated the potential of quantifying 
DOX in complex sample matrices without sample pretreatment.[931 
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5.3 SCOPE OF RESEARCH 
Fundamental to this research is the development of a method for the separation 
and quantification of anthracyclines that occur in biological matrices, e.g serum and 
plasma in real time. This will allow for a more accurate and individualised dose 
regimen. CE has been selected as the separation method as it offers rapid and efficient 
separations and generates little solvent waste. Most importantly, analysis by CE requires 
small sample volumes and this is ideal for the detection of anthracyclines as they are 
carcinogenic and extremely toxic. 
In this work, UV detection was employed for the development of the separation 
of DAN, DOX and EPI in a single run. A comparison of detection limits was performed 
using both CE-LIF, and CE-EC, with improved detection limits obtained with LIF 
detection. The CE method developed was applied to the analysis of plasma samples, 
using various sample preparation steps, such as acetonitrile precipitation and vacuum 
ultrafiltration (VUF), for the detection of free drug. The determination of bound drug 
was performed in rat plasma samples using microdialysis with CE-LIF. This method 
was illustrated to be capable of real time monitoring of DAN, DOX and EPI at 
therapeutic levels in plasma samples. 
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5.4 MATERIALS AND METHODS 
5.4.1 Instrumentation 
5.4.1.1 CE-Ultra violet (CE-Uv separations 
All separations were performed on a home built capillary electrophoresis 
system, equipped with CZE IOOOR high voltage power supply (Spellman High Voltage 
Electronics, NY, USA). The capillary inlet and electrical connections were housed in a 
Plexiglas safety container with fitted safety interlock. Detection was supplied by UV-vis 
detector (Thermo Electron Spectra System UV 1000) at 234 nm with a 1 rnm flow cell 
modified for CE. Polyimide-coated fused silica capillaries, (Polymicro Technologies 
Inc., Phoenix, AZ, USA) of 50 pm internal diameter (id.) were employed. The effective 
length of the capillary utilised was 0.60 m, with a total length of 0.70 m. Sample 
introduction was performed electrokinetically (17.5 kV) for 5 s. Data acquisition was 
performed using Chrom and Spec (version 1.5) software. All analysis with the home 
built system were at ambient temperature. 
5.4.1.2 CE-Electrochemical (CE-EC) separations 
Electrochemical detection was facilitated by LC-4C arnperometric detector 
(Bioanalytical Systems, West Lafayette, IN, USA). A carbon fiber, 33 pm i.d. WE, 
AgIAgC1 RE and platinum (Pt) wire AE were employed. Data acquisition was 
performed using Lab View (version 5.1) software. 
5.4.1.3 CE-Laser-Induced Fluorescence (CE-LIF) separations 
All separations were performed on a Beckman PIACE MDQ instrument 
(Fullerton, CA, USA), equipped with a modular ZetaLIF 2000 LIF detector 
(Picometrics, Toulouse, France). A HeICd 442 nm (33mW) laser with an emission 
wavelength of 490 nm was employed for all sample analyses (Omnichrome). 
Polyimide-coated fused silica capillaries, (Polymicro Technologies Inc., Phoenix, AZ, 
USA) of 50 pm i.d. were employed. The effective length of the capillary utilised was 0. 
60 m, with a total length of 0.70 m. Sample introduction was performed 
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electrokinetically (5 kV) for 5 s. Data acquisition was performed using 32 Karat 
(version 5.0) software. 
5.4.1.4 HPLC-Ultra violet (HPLC-UV) separations 
The HPLC system consisted of a Varian ProStar 230 solvent delivery module, 
and a Varian ProStar 310 UV detector module (Palo Alto, CA, USA). The system was 
operated using Varian ProStar 6.0 chromatography software. A Waters Spherisorb 
ODS2 reversed phase column (4.0 x 250 mm, particle size 5 pm, Waters Millipore, 
Milford, MA) was employed. An isocratic elution was employed at a flow rate of 1.5 ml 
midL. All sample analyses were carried out using UV detection at 230 nm with a 
deuterium lamp. 
5.4.1.5 Electrochemical analysis 
Cyclic voltammetry experiments were performed on CHI 1000 potentiostat 
(Austin, TX, USA) with CHI 1000 software. A carbon fiber, 33 pm i.d. WE, AglAgCl 
RE and Pt wire AE were employed. 
5.4.1.6 W - v i s  analysis 
All UV spectra were obtained on Cary Win UV, dual beam with 2 nm 
resolution. 
5.4.2 Chemicals 
HPLC grade methanol (MeOH) and ACN were purchased fiom Labscan Ltd. 
(Dublin, Ireland). All other chemicals were of reagent grade. Sodium dodecyl sulphate 
(436143, SDS,) sodium dihydrogenphosphate (22,9903) and sodium hydroxide 
(48,0878, NaOH) were obtained from Sigma Aldrich (Tallaght, Dublin). Boric acid 
(B0394), daunorubicin hydrochloride (D8809), doxorubicin hydrochloride (D1515), 2- 
hydroxy propyl P-cyclodextrin (389145), methyl P-cyclodextrin (M7564), alpha (a)- 
cyclodextrin (C4642), sodium chloride (S9625), potassium chloride (31,0123), 
magnesium chloride (M4880), calcium chloride (C8106), sodium dihydrogen phosphate 
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(22,990-3) and disodium hydrogen phosphate (S9763) were obtained from Sigma 
Aldrich (St. Louis, MO, USA). Epirubicin stock standard was provided by the National 
Institute of Cellular Biotechnology (N.I.C.B.), D.C.U. Sulfobutyl butyl ether (SBE)4 P- 
cyclodextrin was provided by the University of Kansas, Lawrence, KS. Deionised water 
was treated with a Hydro Nanopure system to specific resistance > 18 M a  cm 
(Millipore, Bedford, MA, USA). 
5.4.3 Procedures 
5.4.3.1 CE Background electrolyte (BGE) preparation 
Electrolytes were prepared using deionised water. Three BGE solutions were 
prepared, which consisted of a borate electrolyte and a chiral selector. A stock solution 
of 200 mM boric acid was prepared, from which a 105 mM boric acid solut' ion was 
obtained by dilution of the stock with deionised water. The chiral selectors employed 
were 2-hydroxy propyl P-cyclodextrin, alpha (a)-cyclodextrin and sulfobutyl butyl 
ether (SBE)4 P-cyclodextrin. Concentrations of 1.75-7 mM 2-hydroxy propyl P- 
cyclodextrin, 5 mM a-cyclodextrin and 5 mM sulfobutyl butyl ether (SBE)4 P- 
cyclodextrin were prepared by dilution of stock solutions with deionised water. The 
electrolyte consisted of 30:70 ACN:electrolyte. The pH of the electrolyte was adjusted 
to 9.0 using 1 M NaOH. Once the buffer was prepared, it was necessary to filter using 
0.22 pm swinny filter before use. 
5.4.3.2 Preconditioning of the CE separation capillay 
The separation capillaries were preconditioned as described in Chapter 2 in 
Section 2.3.3.3. 
5.4.3.3 Preparation of HPLC mobilephase 
The mobile phase for HPLC-UV was prepared by mixing buffer A (phosphate, 
pH 2.0) with SDS in the range 0.2-0.4%, with solvent B (MeOH:ACN, 50:50). The 
composition of the mobile phase was buffer A:solvent B= 40160.I~~~ All mobile phases 
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were vacuum filtered using 47 mm Pall Nylaflo nylon membranes with 0.45 pm pore 
size and stirred overnight prior to use to ensure complete degassing. 
5.4.3.3 Preparation of plasma samples 
The analysis of anthracyclines was performed in rat plasma samples. Blood 
samples were centrifuged (Fisher Scientific, Microcentrifuge 235C) at 4000 g for 10 
min. The supernatant layer (plasma) was removed and transferred to microcentrifuge 
vials (Fisher Scientific, NC966056) for analysis. 
5.4.3.4 Determination of free drug by Vacuum ultrajiltration (VUF) 
Ultraflltration probes were made from polyacrylonitrile (PAN) membrane (250 
pm i.d, 150 pm outer diameter (0.d.) with a molecular weight cut off 30 kDa, Filtral AN 
69HF, 10 mm). The PAN membrane was cut at an angle and to both ends of this; 
polyimide tubing (175.3 pm i.d., 223.5 pm o.d., 15 cm, Microlumen, Tampa, FL) was 
inserted. This was UV cured in place by UV glue and lamp (ELC-450 UV Light 
System). 
Once the polyimide tubing was UV cured, both ends were placed in tygon 
tubing (Norton Performance Plastics) and also UV cured in place. The probe was now 
successfully made and threaded through a hub assembly (Bioanalytical Systems, West 
Lafayette, IN, USA). The hub assembly consisted of a needle, through which the tygon 
tubing was threaded, into the sample collection container. Sample collection was 
performed under vacuum, using a BD vacutainer (Fisher Scientific, 366397, 10.25 x 64 
mm, 3 ml draw). The probe was placed in the plas!ma sample and samples were left 
overnight in fridge. The flow of the sample through the tubing was determined to be 
0.25 mlihr. Once the samples were filtered, they were stored in microcentrifuge tubes 
(Fisher Scientific, NC966056) at -20 O C  until required. 
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5.4.3.5 Determination of bound drug by microdialysis 
Microdialysis probes were made as in Section 5.4.3.4, with the exception that 
only one end of the polyimide tubing was inserted into tygon tubing worton 
Performance Plastics, 1 cm) and this was UV cured in place. The tygon tubing was 
inserted into a syringe needle, which was placed on a CMA/100 microsyringe pump 
(CMAIMicrodialysis AB, Stockholm, Sweden). The probe was perfused with an 
artificial Cerebrospinal Fluid (aCSF) solution (147 mM NaCl, 3 mM KCI, 1 mM 
MgC12, 1.3 mM CaC12, 0.2 rnM NaH2P04 and 1.3 rnM Na2HP04 dissolved in deionised 
water) at a flowrate of 2 pl min-'. Microdialysate samples were collected in plastic vials 
and analysed at 10 min. intervals. 
5.4.3.6 Preparation of stock solutions and standards 
Stock solutions of DAN and DOX (2 mg ml-') were prepared in MeOH and 
stored at -20 OC. Stock solutions of EPI (2 mg ml-') were prepared in water and stored 
at 4 "C and were stable for one month. From this stock solution of EPI, a 1 mg ml-' 
standard was prepared in methanol and stored at -20 "C. Standards of known 
concentration were prepared by dilution of the stock standards with 10:90 ACN / buffer. 
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5.5 RESULTS AND DISCUSSION 
5.5.1 Development of CE separation 
The choice of electrolyte is critical to the success of separations by CE. Based 
on work reported by Perez-Ruiz et aL, a borate buffer was employed.[71 It is essential 
that the pH of the electrolyte approximates to the pK,of the electrolyte, which for borate 
was 9.24.[941 All anthracyclines possess a sugar amino group, daunosamine, which 
undergoes protonation, and phenolic groups which are liable to ionisation in alkaline 
media. The pK, values of the anthracyclines are shown in Table 5.1. From the pK, 
values, it is evident that DOX has a higher pK, than its epimer. As a result, under 
physiological conditions, a higher proportion of DOX will be in the ionised form and 
therefore its uptake by cells will be reduced. In contrast EPI, will have a higher 
proportion of non-ionised drug than DOX at any pH. The implication of this is that EPI 
will penetrate cells more easily than DOX under the same conditions. DOX and EPI 
differ in the configuration of the 4'OH group. In DOX, this group undergoes hydrogen 
bonding with the amino, NH2 group. This interaction allows for the ionisation of the 
NH2 group and therefore gives DOX a higher pK, than EPI.['~] 
Table 5.1 The pK, values for DAN; DOX and EP~"'' 
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The order of migration was determined to be DAN, DOX and EPI. A pH of 9.0 
resulted in the greatest resolution (R) between DOX and EPI, (R = 0.3) and was 
therefore used in subsequent optimisation of the separation, Fig. 5.9. As DOX and EPI 
are epimers of each other, they migrate at very similar times, and as a result baseline 
resolution was not achieved using conventional CE. In order to improve the resolution 
between these analytes, a chiral selector was added to the electrolyte, Section 5.5.1.1. 
I ,  I 
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Figure 5.9 CE separat2'on with direct W detection at 234 nm for the analysis for the anaIysis 
(I) DAN (95 jg mt% (2) DOX (100 pg mml'), and (3) EPI (I00 jg mt'). Separation voltage 
17.5 kY, electrokinetic injection 17.5 kV / 5 s. Bger: 105 m M  borate, 30% ACN, pH 9.0. 
Eflective capillmy length 0.60 m 
5.5.1.1 Addition of chiral selectors 
Cyclodextrins (CD) are the most regularly employed chiral selectors in C E . [ ~  
They are non-reducing oligosaccharides consisting of six, seven or eight glucose units, 
which correspond to a-, P- and y-respectively.[971 These are known as the native CD's 
that are capable of forming inclusion complexes with other hydrophobic molecules. Fig. 
5.10 illustrates the structure of (3-CD. Native CD's may be derivatised with hydrophobic 
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(e.g. methyl or propyl) or hydrophilic groups (e.g. sulphate, phosphate) which improves 
further the complex forming ability and selectivity towards certain a n a ~ ~ t e s . [ ~ ~ ]  
Figure 5.10 Structure of P-cyclodextnn (reproducedfrom www.chemblmk.com) 
The use of charged CD's as chiral selectors has been reported, [99,1001 and in order 
to help in the separation of DOX and EPI, the addition of a charged and derivatised CD 
was investigated, as illustrated in Fig. 5.11. In the analysis of the anthracyclines with 
the charged CD, the separation of DOX and EPI was improved somewhat but baseline 
resolution was not obtained, (R=0.6), as shown in Fig. 5.1 1. 
Alpha (a) CD was added to the electrolyte and its effect on the separation is 
shown in Fig. 5.12. Poor peak shape of DAN, DOX and EPI was obtained with a- CD, 
and following this, their analysis was performed with varying concentrations of the 
derivatised CD, 2-hydroxy propyl P-CD. 
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Figure 5.11 Effect of the addition of chiral selectors on the separation of (I) DAN (95 jg mt'), 
(2) DOX (30 pg mt'), and (3) EPZ (20 jg mt'). Separation voltage 17.5 kK electrokinetic 
injection 17.5 k V /  5 s with direct Wdetection at 234 nm Bder: 105 &borate, 5 &SBE4 
J-CD, 6 mMmethylJ-CD, 30% ACN, pH 9.0. Effective capillary length 0.60 m 
Migration time (min) 
Figure 5.12 Effect of the addition of a chiral selector on the separation of (1) DAN (95 pg d'), 
(2) DOX (30 jg mt'), and (3) EPI (20 jg mt'). Separation voltage 17.5 kV, electrokinetic 
injection 17.5 kV/5 s with direct W detection at 234 nm. Buffer: 105 mM borate, 5 &a-CD, 
30% ACN, pH 9.0. Effective capillary length 0.60 m 
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Derivatised CE's are suited to the analysis of anionic and cationic compounds 
and the effect of the addition of the CD 2 hydroxy-propyl p-CD, in the range 1.75-7 
mM on the resolution of the anthracyclines was studied, the results of which are shown 
in Fig. 5.13. The solubility of the CD was reached at 7 mM and above this concentration 
the CD was not soluble in deionised water. It was found that the optimum concentration 
of 2-hydroxy propyl p-CD was 3.5 mM and therefore this was employed for subsequent 
work, Fig. 5.14. 
0.90 
0 2 4 6 8 
Concentration (mM) 
Figure 5.13 Graphical rllustration of the resolution calculated at various concentrations of 2- 
hydroxy propylj-CD. Unless stated otherwise all operating condrtions as in Fig 5 9 
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Figure 5.14 Optimised CE separation of (I) DAN (95 pg mt'), (2) DOX (30 ,ug id'), and (3) 
EPI (20 ,ug mt'). Separation voltage 17.5 kV, electrokinetic injection 17.5 k V /  5 s with direct 
Wdetection at 234 nm. Bu#er: 105 mMborate.3.5 mM2-hydroxypropyl&CD, 30% ACN, pH 
9.0. Effective capillary length 0.60 m 
5.5.1.2 Optimum separation condirwm 
From the resolution values calculated, the optimum separation conditions 
determined were 105 m M  borate, 30% ACN, 3.5 mM 2-hydroxy propyl P-CD, pH 9.0, a 
separation voltage of 17.5 kV. Sample introduction was performed electrokinetically 
(17.5 kV / 5 s). From a study of the W spectra, direct detection at 234 nm was 
employed, as shown in Fig.'s 5.14 and 5.15, for their determination. 
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Figure 5.15 W spectra of DAN (28 pg ml-2, DOX (29 pg ml-3 and EPI (29 pg m~' ) ,  in 
electvolyte. Buffer electrolyte was I05 mM borate, 3.5 mM 2-hydroxy propylj3-CD, 30% ACN, 
pH9.0 
The CE-UV method developed was then applied to the analysis of rat plasma 
samples. 
5.5.2 Application to plasma samples 
5.5.2.1 Direct injection ofplasma samples 
For real time monitoring, it was preferred that minimum sample pre-treatment 
was carried out. As a result, the direct injection of rat plasma spiked samples of 
anthracyclines was investigated, Fig. 5.16. However, it was evident from this 
investigation that the length of analysis was greater (35 min.), and the separation of 
DOX and EPI was not obtained. This was a direct result of the extensive protein binding 
of anthracyclines.[211 Therefore, for the analysis of anthracyclines in plasma, a sample 
preparation step was required, which would remove the protein content from the sample 
without affecting the anthracyclines. In this work, vacuum ultrafiltration (VuF) was 
employed, Section 5.5.2.2, to investigate the free drug concentration. 
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- Plasma spiked with mix 
--- Blank plasma 
5 10 15 20 25 30 
Migration time (min) 
Figure 5.16 Analysis of rat plasma spiked with (1) DAN (95 pg mt'), (2) DOX (100 pg mt'), 
and (3) EPI (100 pg mt') All operating conditions as in Fig. 5.14, direct W detection at 234 
nm. Effective capillary length 0.60 m. The sprkedplasma trace 1s offset by 2 AU 
5.5.2.2 Vacuum Ultrafiltration (WF)  of plasma samples 
The driving force for VUF sampling is the application of a vacuum, to pull the 
bulk solution into the ultrafiltration probe.['011 An illustration of the VUF process is 
shown in 5.17. The polyacrylonitrile (PAN) membrane contains tiny pores, which 
allowed smaller molecules, e.g. DOX and EPI, to flow through the probe. DOX and EPI 
were carried with the bulk flow of the solution. The PAN membrane employed had a 
molecular weight cut off of 30 kDa. The application of VUF to the analysis of free drug 
concentration of anthracyclines has not been reported previously in literature. 
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VACUUM 
PAN membrane 
Protein-too large 
Water-passes fieely 
+ Small molecules-pass freely 
Figure 5.IIfllwlhation of the VUFprocess, showing the flow of smaller moIecules and water 
through the PAN membrane (reproducedfrom www. bioanalytical.com) 
The plasma samples were spiked with known concentrations of DAN, DOX and 
EPI prior to VUF, Fig. 5.18. However, free drug concentrations of DAN, DOX and EPI 
were not detected using VUF coupled with CE-UV as shown in Fig. 5.18. Therefore, a 
more sensitive mode of detection was required, which would reflect the therapeutic 
concentrations (5-50,000 ng ml-') of anthracyclines in plasma.1'81 Anthacyclines are 
electroactive species that possess electron donating phenolic groups and an electron 
accepting quinone group,[71 and as a result the potential of applying electrochemical 
detection, which is a rapid and inexpensive technique, to their analysis was investigated. 
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5 10 15 20 
M~gration time (min) 
Figure 5.18 CE analysis of rat plasma spiked with DAN (95 pg mt'), DOX (100 pg mt') and 
EPI (100 pg mt') prior to VUF. No analytes were detected. Unless stated otherwise all 
operatrng conditions as m Frg.5 14, with direct W detection at 234 nm. Effective capillary 
length 0.60 m. The spikedplasma sample is offset 2 AU 
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5.5.3 Electrochemical (EC) detection 
There is only one report in literature on the CE-EC analysis of anthracyclines. In 
this paper, the electrochemical detection of DAN was performed using a carbon disk 
electrode as the WE. In this research, on-column detection with a cellulose acetate 
decoupler and a carbon fiber WE was employed. An illustration of the electrochemical 
detection employed is shown in Fig. 5.19. 
- Spiked prlor to VUF 
--- Blank VUF plasma sample 
In EC detection, it is necessary to separate the separation (FA) and detection 
d 
A. I 
I 
current @A). This is achieved on-column with the addition of a decoupler. The working 
electrode is inserted into the capillary and the distance between this and the decoupler 
must be controlled, too short and the resistance is too high and too long and band- 
broadening starts to occur. However, most decouplers cannot shunt all of the current 
Y 
L I .  
with the most effective decouplers maximising their surface area. With on-column CE- 
EC low LOD's have been reported. [102,103] 
- 
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Figure 5.19 IIlustration of an electrochemical cell with an on-column decoupler and carbon 
Jber WE, (33 pm ~ d . ) ~ ' ~ ~  
An electrochemical characterisation of the anthracyclines was performed using 
cyclic voltammetry. Cyclic voltammograms (CV) were performed for each individually 
and are shown in Fig. 5.20. From Fig. 5.20, it was found that each of the anthracyclines 
are electrochemically active and undergo irreversible oxidation between 0.2 and 0.6 V 
vs AgIAgC1. 
--- DAN 
0.4 0.2 0.0 
Voltage (V) 
Figure 5.20 CVs of DAN, DOX and EPI in buffm electrolyte of 105 m M  borate, 3.5 mM 2- 
hydroqpropylJ-CD, 30% ACN, pH 9.0, with carbon fiber WE vs. Ag/AgCl RE at a scan rate 
of SO m ~ s "  
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As DAN, DOX and EPI are never administered together, the optimisation was 
initially carried out with DAN and DOX, with DAN as the internal ~ tandard . [~~]~lso ,  as 
DOX and EPI were not present in the same sample, the CD was removed from the 
buffer electrolyte. A hydrodynamic voltammogram (HDV) was performed to determine 
the optimum detection potential for their separation, as illustrated in Fig. 5.21. A 
detection potential of 300 mV was employed and the optimum separation is shown in 
Fig. 5.22. 
A comparison of the LOD's determined with UV and EC detection is illustrated 
in Table 5.2. The LOD's were calculated from the blank plus three times the standard 
deviation. However, EC detection did not facilitate the therapeutic monitoring (5-50,000 
ng ml-I) of the anthracyclines because of the LOD's obtained. Therefore, it was 
necessary to apply an alternative mode of detection with even lower LOD, i.e. 
fluorescence, to their analysis. Anthracyclines possess native fluorescence and their 
analysis by fluorescence is widely reported. lL,19,801 
Table 5.2 The LOD S and LOQ's calculatedfor DAN, DOXand EPZfov W a n d  EC detection 
DOX 
EPI 
12.0 
13.6 
7.3 
5.7 
1.2 
NIA 
2.9 
NIA 
0.10- 
s 
- 0.08 - E 
CI) 
.- 
-$ 0.06 
Y 
a 
0.04 
0.02 
0.00 m- m- 
0 , , 50 , Detection , lo  I:, Potential 150 200 (mV vs. 250 AgIAgCI) 300 350 , 400 , 
Figwe 5.21 Hydr+amic voltammogram of DAN (5.6 pg mt') and DOX (2.9 pg mt') with 
carbon fiber WE vs. Ag/AgCI RE. Buffer: 50 mM borate, 10% ACN, pH 9.0. Effective capillaiy 
length 0.65 m 
-0.02 
13 14 15 16 17 
Time (min) 
Figure 5.22 CE separation with EC detection at a detection potential of 300 mV vs. Ag/AgCl 
RE of (1) DAN (5.6 pg mt') and (2) DOX (2.9 pg mt') with carbon fiber WE. Separation 
voltage 17.5 kV, electrokinetic injection 17.5 kV/ 5 s. Buffer: 50 m M  borate, 10% ACN, pH 9.0. 
Effective capillary length 0.65 m 
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5.5.4 Laser-Induced Fluorescence (LIF) detection 
Fluorescence detection is ideal as anthracyclines possess native fluorescent 
properties and therefore do not require deri~atisation.[~~~~] Using the conditions 
optimised for UV detection the analysis of DAN, DOX and EPI was performed and is 
illustrated in Fig. 5.23. 
6 8 10 12 14 16 18 20 22 
Migration time (rnin) 
Figure 5.23 CE-LZF separation, excitation laser 442 nm of (1) DAN (5 6 pg mt*), (2) DOX (5.8 
pg mr') and (3) EPI (8.7 pg ml-9. Separation voltage 17.5 kV, electrokinetzc injection 5 k V /  5 
s. BufSer: 105 mM borate,3.5 mM 2-hydrony propyl J-CD, 30% ACN, pH 9.0. EfSective 
capillary length 0.60 m 
A comparison of the LOD's determined with UV, EC and LIF detection are 
illustrated in Table 5.3. Improved detection limits in the range of 150-1400 ng ml-' were 
obtained with LIF detection, which were low enough to allow for the therapeutic 
monitoring of the anthracyclines. However, the LOD's determined were not capable of 
detection in the 5-150 ng ml-' range. The developed method was applied to the analysis 
of plasma samples. Using microdialysis, the extent of protein binding in plasma was 
perfonned, Section 5.5.5. 
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Table 5.3 The LOD S calculated for DAN, DOXand EPI for UV, EC and LIF detection 
5.5.5 Determination of protein binding in plasma 
DOX 
EPI 
The extent of protein binding of drugs in plasma has previously been determined 
using ultrafiltration and equilibrium dialysis.1'05~1081 CE r equires a small sample volume 
for analysis, and is therefore an ideal separation technique to couple to microdialysis, 
which produces only a few p1 of sample. Microdialysis is a membrane based sampling 
technique, which is based upon the concentration gradient alone, i. e., either an electrical 
field or an ionic strength gradient across the membrane. The dialysate contains the 
sample under investigation, so the sampled system may be a living system or even a 
portion into which the microdialysis probe is inserted. The probe is perfused slowly 
12.0 
13.6 
with a sampling solution, (the perfusate), whose ionic strength and pH are close to that 
of the system under investigation. The flow rate was maintained by a syringe pump, and 
in this study, the perfusate employed was an aCSF solution, which is a saline solution. 
The dialysis membrane, i.e., the polyacrylonitrile (PAN) membrane, which had a 
molecular weight cut off of 30 kDa, was permeable to small molecules, (e.g. DAN, 
DOX and EPI), but did not allow macromolecules such as proteins to pass through. A 
digital image of the PAN membrane employed (10 mrn) is illustrated in Fig. 5.24. 
Analytes that diffuse through were collected into a collection vial.[10g1 VUF differs from 
microdialysis in that a vacuum is constantly applied to the probe, in contrast for 
1.2 
NIA 
0.3 
0.15 
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microdialysis sampling a solution is pumped through the probe at a constant flow rate. 
The coupling of CE to microdialysis for the determination of protein binding of 
anthracyclines in plasma has not been reported in the literature previously. 
Figure 5.24 Digital rmage of a microdialysis probe 
Initially, the % recoveries of DAN, DOX and EPI were obtained in plasma and 
in an aCSF solution, Fig.'s 5.25 (A) and (B). % recoveries were calculated according to 
literature methods.[1041 From these % recoveries, the estimated protein binding obtained 
was in the 25-45%. However, from literature it is known that the % protein binding of 
anthracyclines is higher, between 60-90%,[~" therefore in order to verify this result, this 
experiment should be repeated. 
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Figure 5.25 (A) % recoveries obtained for DAN (56 pg ml'), DOX (58 pg ml') and EPI (58 pg 
mll) in plasma. (B) % recoveries obtained for DAN (56 pg ml?, DOX (58 pg inl-1) and EPI (58 
pg mll) in aCSF. Flow rate 2 pl min-', samples collected every 10 min. Separation conditzons 
as in Fig 5.23 
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5.5.6 Comparison of CE method with HPLC-UV 
The CE method developed was compared with HPLC, the separation technique 
regularly employed for the analysis of a n t h r a ~ ~ c l i n e s . [ ~ ~ . ~ ~ ~ ]  Based on a literature 
method, the analysis of DAN, DOX and EPI was performed, with UV detection.[281 A 
chromatogram showing their separation with various amounts of SDS in the mobile 
phase is illustrated in Fig. 5.26. It is evident from Fig. 5.26 that increasing the content of 
SDS reduces the length of analysis from 30 min. to 18 min. The analysis time is similar 
to CE; however, increased sample volumes were required for analysis by HPLC (pl), 
compared to nl volumes required for CE. The anthracyclines are carcinogenic and 
highly toxic, therefore CE is an ideal separation technique as the small sample volume 
required reduces the exposure to them. 
5 10 15 20 25 30 
Retention time (min) 
5 0 1 5 -  
s 
m 
- 
' 0.10 - 
3 
Figure 5.26 HPLC separation with W detection at 230 nm of (1) DOX (58 pg inl-9, (2) EPZ 
(58 jig mmfl) and (3) DAN (56 pg mmfl). Mobile phase prepared by mixing the buffer A 
(phosphate, pH 2.0, with either 0.2 % or 0.4 % SDS), with solvent B (mixture of MeOH:ACN, 
50.50). The composition of the mobile phase was buffer A:solvent B = 40/60. Flow rate 1 5 ml 
m i d  
8 - 
c 
m 0.05 - g 
m 
0.00 - 
--- 0.2% SDS 
(1) 
1 ---- 0 4% SDS 1 (2) 
(3) 
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5.6 CONCLUSION 
A CE method was successfully developed for the separation of the anthracyclines 
DAN, DOX and EPI coupled with UV, EC and LIF detection. Detection limits in the 
range of 12-14 pg ml-' were obtained with IJV detection. The CE-UV method was 
applied to the analysis of rat plasma samples, using VUF for the determination of the 
free drug concentration. However, due to the extent of plasma protein binding of 
anthracyclines, no free drug was detected. Improved detection limits (150-1400 ng rnl-') 
were obtained with LIF detection, which were capable of monitoring the therapeutic 
levels (5-50,000 ng ml") of anthracyclines. The degree of plasma protein binding of 
anthracyclines was determined using microdialysis, however, the results obtained 
conflicted with literature data. Nonetheless the potential of this technique for the real 
time monitoring of plasma samples with on-line microdialysis coupled with CE was 
demonstrated. Microdialysis is suitable for coupling to CE as it generates sample 
volumes that are ideal for CE analysis. There is the capability too for the miniaturisation 
of CE, which will further reduce the waste generated and also potentially enable point 
of care testing. The CE method developed was compared to HPLC, and further 
demonstrates the advantages of CE for their analysis. The exposure to the 
anthracyclines, which are carcinogenic and extremely toxic, is significantly reduced 
through analysis by CE. 
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Chapter 6, Conclusions .. ... ... 
6.1 COMPARISON OF ELECTROPHORESIS Vs CHROMATOGRAPHY 
The separation principles of electrophoresis and chromatography are very 
different. However, they are complementary techniques, e g .  separation in CE is 
dependant upon the size to charge ratio of the analyte ion; in contrast, HPLC is based 
upon the hydrophobicity of the analytes. In the preceding four chapters, a comparison 
was made between these modes of separation. The limitations and advantages of both 
techniques are outlined below. 
6.1.1 Sample matrix 
The application of Capillary Electrophoresis (CE) to the analysis of complex 
matrices, such as plasma samples, was demonstrated. For the real time monitoring of 
anthracyclines in plasma, it is preferred that minimal sample pre-treatment was carried 
out. The feasibility of analysing plasma samples without sample pre-treatment was 
demonstrated using CE, and with further method development the direct injection of 
plasma could potentially be applied to the determination of anthracyclines in plasma. 
This possibility does not exist for chromatographic techniques and so the superior 
ruggedness of CE is a major advantage for plasma analysis. 
Microdialysis is a sampling technique, which removes the need for a separate 
sample pre-treatment step. The degree of plasma protein binding of anthracyclines was 
determined using microdialysis. The potential of this technique for the real time 
monitoring of plasma samples with on-line microdialysis coupled with CE was also 
demonstrated. This highlights another advantage of CE over chromatographic 
techniques, which are not as readily amenable to microdialysis coupling, and therefore 
not as suitable for real time monitoring. 
In the analysis of cyanoacrylate adhesives, preparation of the adhesive samples 
was performed using liquid-liquid extraction. This sample pre-treatment was required 
for the chromatographic analysis of the samples too. In this study, as a sample pre- 
treatment was required for both separation techniques, neither mode of separation 
offered distinct advantages in the analysis of adhesives. 
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6.1.2 Sample volume 
The exposure to the anthracyclines, which are carcinogenic and extremely toxic, 
is significantly reduced through analysis by CE, as nl sample volumes are required for 
analysis by CE, compared to p1 sample volumes required for analysis by High 
Performance Liquid Chromatography (HPLC). The anthracyclines are carcinogenic and 
highly toxic, and therefore CE is an ideal separation technique as the small sample 
volume required reduces the exposure to them. 
The sampling technique, microdialysis, was applied to the analysis of 
anthracyclines, and this is an ideal sampling technique for coupling to CE as it generates 
sample volumes that are suited for CE analysis. There is the capability too for the 
miniaturisation of CE, which will further reduce the waste generated and also 
potentially enable point-of-care testing. Also, the cost of removal of waste generated 
through either the chromatographic analysis of industrial or clinical samples is 
decreased due to the reduced waste generated by CE. 
6.1.3 Length of Analysis 
The CE method developed for the analysis of anthracyclines was compared with 
HPLC, the separation technique regularly employed for the analysis of anthracyclines. 
The length of analysis in this study was similar to CE; however, the coupling 
microdialysis to CE should help improve the temporal resolution of the analysis. 
The electrophoretic analysis of ethyl cyanoacrylate adhesives, resulted in high 
separation efficiencies, such as 330,000 plates m -' for chloride, and also reduced total 
analysis times, namely 23 min. for CE compared with 45 min. for Ion Chromatography 
(IC). The application of CE to the analysis of the irgacure was also shown and 
demonstrated its ability as an alternative mode of analysis with increased separation 
efficiencies obtained, 2130 plates m-' with HPLC and 411,280 plates m-' with CE. A 
reduced total analysis time of 6 min. was also achieved with CE, with the potential of 
applying higher separation voltages to further reduce the analysis time. CE therefore 
resulted in a superior analysis time when compared to both HPLC and IC. 
Chapter 6, Concluszons .. ... .. 
6.1.4 Detection Methods 
Detection modes, such as fluorescence, electrochemical (EC) and mass 
spectrometric (MS) detection, were successfully applied to the analysis of industrial and 
clinical samples with both CE and HPLC. Ultra-violet OJV) detection is the preferred 
mode for method development; nevertheless, it does not enable the therapeutic 
monitoring of phannaceuticals in biological matrices. However, UV is still an important 
mode of detection both for method development and also for the analysis of samples 
where the LOD's are not the deciding factor, such as in the analysis of inorganic and 
acidic anions in cyanoacrylate adhesives. 
For the analysis of anthracyclines, UV, EC and Laser-Induced Fluorescence 
(LIF) detection was employed. Improved detection limits (150-1400 ng ml-I) were 
obtained with LIF detection, which were capable of monitoring the therapeutic levels 
(5-50,000 ng ml-') of anthracyclines. Therefore, for anthracycline analysis, LIF was 
shown to be the preferred mode of detection. 
The application of HPLC coupled with MS detection enabled the structural 
elucidation of the irgacure and it was determined that the irgacure undergoes free 
radical curing reaction. The structural elucidation was not possible with any of the other 
modes of detection used in this thesis. 
6.1.5 Conclusion 
In this work, electrophoresis was compared with chromatography in terms of the 
matrix of the sample to be analysed, the volume of sample required, the length of 
analysis developed and the detection methods preferred. CE was clearly demonstrated 
as an alternative mode of separation capable of equalling, and in many cases improving 
on the corresponding chromatographic analysis. 
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7.1 APPENDIX l a  - MS Parameters for APCI-MS 
Mode 
Mass Range mode Std/Normal 
Ion Polarity Positive 
Ion Source Type APCI 
Current Alternating Ion Pol NIA 
Alternating Ion Polarity NIA 
Detector & Block Voltages 
Multiplier Voltage 1750 V 
Dynode Voltage 7.0 kV 
Scan Delay 0 PS 
Skimmer 1 Block 100.0 V 
Skimmer 2 Block 300.0 V 
Tune Source 
Trap Drive 
Skim 1 
Skim 2 
Octopole RF Amplitude 
Octopole Delta 
Lens 1 
Lens 2 
Octopole 
Capillary Exit 
Cap Exit Offset 
HV End Plate Offset 
Current End Plate 
HV Capillary 
Current Capillary 
Dry Temp (Measured) 
Dry Gas (Measured) 
Nebuliser (Measured) 
38.3 
15.0 V 
6.4 V 
91 .O Vpp 
2.05 V 
-3.2 V 
-46.1 V 
2.38 V 
65.0 V 
50.0 V 
-993 v 
2177.151 nA 
2828 V 
77.214 nA 
326 "C 
8.02 llmin 
30.34 psi 
Tral, 
Scan Begin 
Scan End 
Averages 
Charge Control 
ICC Target 
ICC Actual 
Accumulation Time 
Max. Acc. Time 
50.00 m/z 
1000.0 mlz 
20 Spectra 
On 
20000 
16261 
5215 ps 
30000 ws 
MSlMS Manual Mode 
Fast Calc On 
ISTD Off 
M S N S  Automatic 
Auto MSIMS Off 
Rolling Average 
Rolling On 
Compressed Spectra 
Compressed Spectra Off 
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7.2 APPENDIX lb-IC Gradient method 
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